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INTRODUCTION 


The presence of carbon dioxide in a lemon-storage room is quite 
generally regarded as harmful. Many rooms are operated under 
instructions that the carbon dioxide in the atmosphere must be kept 
below 0.5 percent. 

Low temperature is known to be harmful to lemons, and exposure 
to temperatures below 50° F., even during a shipping period of 1 or 
2 weeks, is usually carefully avoided. 

The present study was undertaken to obtain more definite informa- 
tion in regard to the carbon dioxide and low-temperature tolerance 
of lemons (Citrus limonia Osbeck) and the nature of the injuries result- 
ing from unfavorable storage conditions. 

In the course of the experiments several different diseases developed, 
and in most cases the frequency of their occurrence was modified 
by the storage treatment. 


MATERIALS AND METHODS 


The lemons used in the experiments were forwarded under ventila- 
tion in carlot shipments from Los Angeles, Calif.,? to New York City 
and were then shipped by ordinary express to Washington, D. C. 
They were hauled to the Arlington Experiment Farm, Arlington, Va., 
and the experiments were started there within a day from the time of 
arrival in Washington. 

The term “‘green lemons’’ is used for fruit that at the time of ship- 
ment was dark green in color with only very slight traces of yellow, 
the term “silver lemons” for fruit that was turning from green to 
yellow, and the term “mature lemons”’ for fruit that was bright yellow 
and of proper maturity for immediate marketing. At the time the 
experimental treatments were begun, the green and silver lemons had 
slightly too much yellow to be typical for the terms applied. 

In the earlier experiments, 20 to 30 lemons of a particular maturity 
were used under each storage condition. In the later experiments, 
this number was increased to 50 or 60 lemons for most of the tests. 
The lemons were selected individually, and great care was taken that 
the different lots should be alike in maturity, firmness, and general 
appearance. 

It was intended that the relative humidity of the storage rooms 
should be maintained at about 88 percent; but it sometimes fell 
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several points below this for short periods, especially in the 60° F 
room. All records of temperature are reported in degrees Fahrenheit 

In part of the carbon dioxide experiments the lemons were held in 
5-gallon jars during the period of treatment. In some cases the 
desired atmosphere was maintained by continuous renewal with ai 
to which carbon dioxide had been added by means of flowmeters. In 
other cases the carbon dioxide was built up by means of the respiration 
of the lemons. In the latter tests a fair degree of uniformity was 
secured by occasional analyses and the regulation of a small opening 
in the container. In other tests a high percentage of carbon dioxide 
was maintained for short periods by the use of solid carbon dioxide 
as a supplement to ordinary ice in pony refrigerators. In these 
experiments both the carbon dioxide and the temperature were lower 
at the end of the treatment than at the beginning. 

The waxes used in the experiments were prepared by mixing paraffin 
and mineral oil in approximately equal proportions. In some cases 
beeswax was substituted for part of the paraffin. There was no 
indication that the results were affected by modifications in the for- 
mula for the wax, 

DECAY 


CHARACTERISTICS 


The most common form of decay was that caused by Alternaria 
citri Pierce. Much of this decay was of the ‘‘center” type, the central 
axis or core of the lemon becoming black and soft, with little external 
evidence of the disease, as is shown in figure 1, A. In other cases the 
entire lemon became black and soft, the decay usually starting at the 
button and moving toward the stylar end (fig. 1, B). 

Penicillium digitatum Sacc. was a close second to Alternaria as a 
cause of decay, and P. italicum Wehmer was of somewhat less common 
occurrence. The type of decay produced by the last-named is shown 
in figure 1, C. 

EFFECT OF TEMPERATURE 

During the first 6 to 8 weeks of storage there was greater develop- 
ment of decay at the higher than at the lower temperatures. This was 
especially true of alternaria decay. When the storage pericd was 
prolonged to 10 weeks or more there was sometimes more decay at 
32° and 36° F. than at any of the higher temperatures, especially 
with fruit that had been stored at the green or the silver stage of 
maturity. This greater decay at the lower temperatures was largely 
due to one or the other of the Penicillium species and was apparently 
the result of a prior development of pitting, watery break-down, or 
other low-temperature trouble that gave the decay organisms favorable 
points of entrance. 

In lemons that were held 1 or 2 weeks at 32°, 36°, or 40° F. before 
being stored at 50° or 60° there was in general but slightly less decay 


than in the fruit held continuously at the higher temperature, especially 
after long periods of storage. 


EFFECT OF CARBON DIOXIDE AND WAXING 

It was pointed out in an earlier publication * that carbon dioxide 
has a decidedly inhibiting effect on penicillium decay of oranges and 
— Brooks, C., BRATLEY, C. O., and McCo.tiocnu, L. P. TRANSIT AND STORAGE DISEASES OF FRUITS AND 


pee ny AS AFFECTED BY INITIAL CARBON DIOXIDE TREATMENTS. U.S. Dept. Agr. Tech. Bull. 519, 
24 pp., illus. 1936, 
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grapefruit. In the present experiments the effect of carbon dioxid« 
was tested on lemons that had been inoculated with Alternaria citri 
The development of this decay was slow under all conditions, but th 
progress was apparently as great in an atmosphere containing 40 
percent of carbon dioxide as in one that was practically free from 
carbon dioxide. 

A record of decay was kept in all the carbon dioxide and waxing 
experiments that are reported in detail under pitting and membranous 
stain. The results gave no indication that either waxing or continuous 
exposure to low percentages of carbon dioxide (10 percent or less) had 
any significant effect upon the percentage of either penicillium or 
alternaria decay at the end of long storage periods. 

Lemons that were held in tight containers for long-period carbon 
dioxide treatments or as controls for these treatments developed more 
decay in some instances than the fruit that was held in commercial 
packages at the same temperature. This difference was apparently 
due to a higher humidity in the tight containers. Fawcett, Klotz, 
and Nixon * have reported experiments in which alternaria decay 
was reduced by air conditioning. 


PITTING AND PETECA 
CHARACTERISTICS 


Pitting, as the name implies, is characterized by the development 
of pits or depressions in the rind of the fruit,’ as shown in figure 2, A 
and B. In the present experiments it took various forms, its charac- 
teristics as well as its prevalence varying with the treatment and 
apparently with the maturity and vitality of the fruit. In many 
cases the color of the rind in the pitted area remained normal or nearly 
so; in other cases it became light brown or a dark brown approaching 
black 

The pits were usually as much as 0.2 inch in diameter and often 
more than 0.5 inch, but under certain storage conditions a smaller 
and shallower type prevailed, giving the lemons a somewhat speckled 
appearance, as shown in figure 2, C. This type was particularly 
common in 36° storage. 

Peteca resembles pitting, but the surface of the peel is relatively 
slow in losing its color and in the early stages the oil glands are darker 
than the surrounding tissue.’ This is shown in figure 2, D. 


EFFECT OF TEMPERATURE 


The effect of temperature upon the development of pitting and 
peteca is shown in figures 3 to 9, inclusive. Pitting did not occur in 
storage at 60° F. It was usually absent and never of importance with 
either green or mature lemons held at 50°, but in a few instances the 
silver lemons developed the disease in 50° storage. At 32°, 36° 
and 40° the lemons were often badly pitted, especially when held in 
storage more than 8 to 10 weeks. After the lemons had been 8 weeks 
or more in storage the disease was much worse at 32° and 36° than 
at 40°, and with green lemons it was usually worse at 36° than at 32°. 
These contrasting temperature effects did not disappear when the 


4 Fawcett, H.S., Kiotz, L. J., and Nixon, H. W. EFFECTS OF STORAGE AND HOLDING CONDITIONS ON 
ALTERNARIA IN LEMONS. Calif. Citrogr. 21: 118, 143-144. 1936. 
Fawcett, H.8., and LEE, H. A. CITRUS DISEASES AND THEIR CONTROL. New York. 1926. [Also ed. 
2, by Fawcett. 1936.) 
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fruit was held at room temperature for a week after removal from 
storage; in fact, they were usually somewhat emphasized by such 
holding. The pits developed at 40° were often darker than those 


at 32°. This may have been due to greater aging, greater oxidation, 


or perhaps to some other cause. 











FIGURE 2.—-Pitting and peteca: A, Lemon showing deep pitting, the usual type in storage at 32° and 40° F.; 


B, pitting on a green lemon that was held at 36° for 13 weeks; C, lemon showing shallow pitting, the most 
common type in storage at 36°, and also one deep pit; D, peteca on lemon, as found after shipment from 
California to Washington, D. C. 


Green, silver, and mature lemons that were held at 32°, 36°, or 
40° F. for 1 or 2 weeks and were then stored at 60° remained free from 
pitting. Lemons similarly held at 32° and stored at 50° remained as 
free from pitting on the average as those held continuously at 50°. 
Lemons similarly held at 36° or 40° before being stored at 50° showed 
a slight increase in pitting in some instances, as compared with those 
held continuously at 50°. There was little to indicate that holding 
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Effect of storage conditions on pitting, peteca, and membranous stain. 
stored at various temperatures November 28, 1933; record made 14 weeks later. 
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Part of the lemons were about halfway between the green 


and silver stages in maturity and the others were fully mature; record made after 12 weeks’ storage: a, 
Lemons in a pony refrigerator with the temperature dropping from 73° to 49° F. in 42 hours and averaging 
51°, and the carbon dioxide dropping from 59 percent to 30 percent and averaging 40 percent; b, temperature 
as above, but the carbon dioxide dropping from 33 percent to 14 percent and averaging 22 percent; c, con- 


trols, with no carbon dioxide. 
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FIGURE 6.—Effect of storage conditions on pitting, peteca, and membranous stain. 
stored at various temperatures January 23, 1935; record made 16 weeks later. 


» © MEEKS 
, COs 6 WEEK 


WEEX 
WEEK THEN SO ¥ 


SILVER LEMONS STORED AT — 


W 10 PERCENT COp 6 WEEKS, THEN SOF NO 
PERCENT COp 6 WEEKS, THEN SOF NO 


LEMONS STORED AT — 







’MEW SO ® WO COp 
. THEN SOF WO lp 


THEN $a 








is) 25 50 75 100 
MEMBRANOUS STAIN (PERCENT) 
MEDIUM OR BAD a SLIGHT C3 


Green and silver lemons 
In the lots exposed to CO: 


the gas was built up by the respiration of the lemons and the treatments were continued during the first 


6 weeks of storage. 











802 Journal of Agricultural Research Vol. 55, no. 11 


the fruit at a lower temperature for 1 or 2 weeks, or even 4 weeks, 
produced any decided tendency to pitting. 

In the experiments reported in figure 3, fruit that was held at 100° F. 
for 21 hours before being stored had slightly less pitting than the 
control fruit, but the difference could hardly be regarded as significant. 

There seemed to be little evidence that the development of peteca 
was modified by temperature conditions. Its erratic occurrence with 
some lots of fruit seemed to indicate that its prevalence was largely) 
determined by prestorage conditions. 
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FIGURE 7.—Effect of storage conditions on pitting, peteca, and membranous stain of lemons stored at various 
temperatures June 26, 1935. The carbon dioxide treatments were continued during the first 3 weeks of 
storage. The record on the silver and mature lemons was after 9 weeks’ storage, that on the green lemons 
after 14 weeks’ storage. 


EFFECT OF CARBON DIOXIDE 


In several of the experiments lemons were exposed to high percent- 
ages of carbon dioxide for a period of 2 or 3 days before being placed 
in storage. The results are shown in figures 3 to 5, inclusive. In 
four tests with green lemons, four with silver lemons, and two with 
mature lemons, pitting was decreased by this prestorage gas treat- 
ment, and there was no instance in which it was increased. The 
decreases were slight in some cases, but in others they ran as high as 20, 
40, and 60 percent. 

In other experiments the lemons were held for several weeks in 
atmospheres containing 2 or 10 percent of carbon dioxide. In some 
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of these tests the carbon dioxide was built up by the respiration of the 
fruit, and in others it was obtained by continuous renewal with an 
atmosphere to which carbon dioxide had been added. The results 
are shown in figures 5 to 9, inclusive. 

In the experiment reported in figure 5, lemons were held at 50° F. 
in 10 percent of carbon dioxide for 10 weeks without the development 
of pitting, but neither was there pitting in the control lot in the open. 

In the experiments reported in figure 6, the fruit was held at 32° 
and at 40° F. during 6 weeks’ exposure to an atmosphere containing 
10 percent of carbon dioxide. No control lot was held at these 
temperatures for the same length of time as the treated fruit, and it is 
therefore impossible to draw definite conclusions. There is some 
indication that the carbon-dioxide treatments caused a decided de- 
crease in the pitting of green lemons but possibly a slight increase in 
the pitting of silver lemons. 

The experiments reported in figure 7 were carried out at 40° and 
50° F., and those reported in figures 8 and 9 at 50° and 60°. In all 
cases control lots were held in similar confinement but in atmospheres 
that were free from any accumulation of carbon dioxide. In the 
experiments of figure 7 the carbon-dioxide treatments were continued 
for 3 weeks and in the experiments of figures 8 and 9 for 4 weeks. 

In a total of 24 experiments in which the fruit was exposed to 10 
percent of carbon dioxide and in 10 experiments in which it was ex- 
posed to approximately 2 percent, there were 30 instances in which 
no pitting developed on either treated or control fruit. In the experi- 
ments in which the fruit was exposed to 10 percent of carbon dioxide 
there were three instances in which there was more pitting on the 
control fruit than on the treated lot and but one instance in which the 
reverse condition held. The results do not give any indication that 
exposure to low percentages of carbon dioxide had any tendency to 
cause pitting. 

In the 34 carbon-dioxide tests mentioned above there were 4 in- 
stances in which peteca occurred and in 3 of these it was worse on the 
treated than on the control fruit. If peteca is to be considered a form 
of pitting, this record just balances the favorable contrast reported 
above, leaving the effect of low percentages of carbon dioxide null. 


EFFECT OF OILED WRAPPERS AND WAXING 


Lemons that were waxed and those that were packed in heavily 
oiled wrappers developed less pitting than those stored without these 
treatments. This is shown in figures 3 to 9, inclusive. When com- 
pared with the controls, the treated fruit showed approximately three 
times as many instances of a definite decrease as of a definite increase 
in pitting. The results indicate a similar or even greater decrease in 
the peteca form of pitting on the fruit that received an oiling or waxing 
treatment. 

RED BLOTCH 


Red blotch, or adustiosis, is a peel defect that is much shallower 
and more diffuse than pitting, although in some instances it seems to 
shade gradually into the milder or shallower type of pitting (p. 798). 
The diseased area is reddish brown in color, and in early and marginal 
stages of the disease it appears to be made up of an aggregation of 
small brown dots, but later a more continuous browning develops. 
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In the present experiments red blotch has been of relatively rare 
and rather erratic occurrence. It was not found on lemons that were 
mature when placed in storage and was far more common on green 
than on silverlemons. It was found almost exclusively on fruit stored 
at 36° or 40° F., with an occasional occurrence at 32° and 50° but 
never at 60°. 

Either by chance or otherwise, the lots that were exposed to carbon 
dioxide remained entirely free of the disease. Fruit that was waxed or 
held in heavily oiled wrap- 
pers developed as much 
red blotch as the controls. 


MEMBRANOUS STAIN 
CHARACTERISTICS 


Membranous stain, or 
membranosis, is charac- 
terized by a browning or 
darkening of the mem- 
branes or carpellary walls 
between the segments. 
This condition is shown in 
figure 10. The central 
core tissues and the inner 
tissues of the rind are also 
sometimes affected. The 
disease can be detected 
only when the lemons are 
cut. 

Membranous stain, es- 
pecially in its milder forms, 
was by far the most preva- 
lent disease found in the 
present experiments. The 
record of its occurrence is 


shown in figures 3 to 9, ; eee 
: ] = FiGuRE 10.—Membranous stain as seen in longitudinal section 
inclusive. of a silver lemon that was held 13 weeks at 40° F. 





EFFECT OF TEMPERATURE 


Membranous stain showed an extreme response to temperature. 
Lemons stored at 32° F. usually remained practically free from the 
disease; whereas those held at 40° usually were seriously affected, in 
many cases but little of the fruit remaining free. In the few tests in 
which the fruit was held at 31° or 34° the results were similar to those 
at 32°. There was much less membranous stain at both 36° and 50° 
than at 40° and far less at 60° than at 36° or 50°, yet the amount of 
stain at 60° was much greater than at 32°. 

In most of the experiments the lemons were held at 70° F. for a 
week after removal from storage. Membranous stain did not increase 
during this period. This fact would seem to prove that the elimina- 
tion of the disease at 32° was permanent and not due to any tempo- 
rary inhibition of oxidation or related processes. 

The extreme temperature response of membranous stain and its 
sharp divergence from that of pitting make an interesting background 
for speculation as to the fundamental causes of the two diseases. 
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With fruit that was moved from one temperature to another the 
development of membranous stain seemed in general to be in accori 
with the relative periods at the two temperatures. Fruit held at 32° F. 
for 1 or 2 weeks before being stored at 50° or 60° usually developed 
less membranous stain than that held continuously at the higher 
temperatures, and fruit held at 40° for 1 or 2 weeks before being 
stored at 50° or 60° usually had more stain than that held continuously 
at the higher temperatures. 

In the experiments reported in figure 3, green and silver lemons 
that were held at 100° F. for 21 hours before being stored at 40 
developed less membranous stain than those that were placed imme- 
diately at 40°. 

EFFECT OF CARBON DIOXIDE 

Increasing the carbon dioxide content of the storage atmosphere 
decreased the occurrence of membranous stain. 

In the experiments in which the lemons were exposed to a high 
percentage of carbon dioxide for 2 or 3 days before being stored 
(figs. 3-5) there were 10 instances in which there was more mem- 
branous stain in the controls than in the treated fruit and 5 instances 
in which the reverse was true. In two lots stored at 32° F. the 
treated lemons had more of the disease than the controls. At this 
temperature both the treated and control lots remained remarkably 
free from membranous stain. 

With fruit held for several weeks in constantly renewed atmospheres 
to which 10 percent of carbon dioxide had been added (figs. 7-9) there 
were 12 instances in which membranous stain was greater on the control 
fruit and 2 instances in which it was greater on the treated fruit. 

Experiments were made in which the carbon dioxide from respira- 
tion was allowed to accumulate in the storage chamber. In 11 of 
these experiments the carbon dioxide was held at approximately 10 
percent and in 12 it was held at 2 to 3 percent (figs. 6-9). There were 
more instances in which the membranous stain in the control fruit ex- 
ceeded that in the treated fruit than there were of the reverse condition. 

The results indicate that the presence of carbon dioxide in the 
storage atmosphere is beneficial rather than harmful so far as mem- 
branous stain is concerned. The favorable effect of exposure to 
carbon dioxide, together with the favorable effect of low temperature, 
would suggest the possibility that the control in both cases is due to 
suppression of oxidation. 

The lack of harmful effects from exposure to carbon dioxide does 
not prove that some form of ventilation or air circulation may not 
be beneficial. There may be other respiratory products that accu- 
mulate to a harmful degree. A comparison of the fruit that was 
confined, either for carbon dioxide treatment or as controls, with that 
held in the open (figs. 5-9) shows thet there were a few more instances 
of membranous stain on the confined fruit exceeding that on the 
fruit in the open than there were of the reverse condition; but the 
contrast is hardly great enough to suggest a practical significance. 

EFFECT OF OILED WRAPPERS AND WAXING 

Waxing the lemons tended to decrease the development of membra- 
nous stain (figs. 3, 4, 6-9). At 32° and 60° F. little membranosis 
developed on either treated or control lots. When compared with 
the controls, the treated fruit showed approximately four times as 
many instances of a distinct decrease as of a distinct increase in 
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membranous stain at 40° and 50°. The few experiments with heavily 
oiled wrappers gave results that were favorable rather than otherwise. 

Waxing and the use of heavily oiled wrappers would be expected to 
increase the carbon dioxide and decrease the oxygen content of the 
internal atmosphere of the fruit, and it is possible that their favorable 
effect is to be explained on the same basis as that of the carbon dioxide 
treatments. 

WATERY BREAK-DOWN 


CHARACTERISTICS 


In low-temperature storage the Jemons sometimes became water- 
soaked, soft, and spongy, asif frozen. Both the peel and the pulp were 
usually involved. The term ‘‘watery break-down” is suggested for this 
diseased condition. A similar disease has been reported in grapefruit.® 


STORAGE RESPONSE 


The disease was confined to lemons held for long periods in storage 
at 31° or 32° F. In some cases 25 percent or more of the fruit was 
affected at the time of removal and there was usually an equal or higher 
percentage of the fruit that became watery when held for a few days 
after removal. Green lemons remained relatively free of the disease, 
but silver and mature lemons became badly affected. Lemons that 
were exposed to high temperature or to high percentages of carbon 
dioxide before being stored at 32° had far more of the disease than 
those that did not receive these treatments. 

Watery break-down is evidently a low-temperature suffocation 
type of disease. 

SCALD 


The term “scald” is sometimes used for injuries resulting from 
chemical treatments or exposure to high temperature. In the present 
experiments scaldlike injuries were occasionally found in low-tempera- 
ture storage. With green lemons, the disease was characterized by a 
general disappearance of the green color and a slight depression of the 
affected peel. With silver and mature lemons no depression was 
evident, and the diseased condition was indicated by a color change 
of the peel from normal yellow to a honey yellow or cinnamon buff.’ 
The trouble was sometimes associated with watery break-down and 
is probably closely related to that disease, yet no instance was ob- 
served in which one disease developed into the other. 


INTERNAL DECLINE 


Internal decline, or endoxerosis, was found occasionally in the 
present experiments, but with little if any reference to storage condi- 
tions. The disease is characterized by a breaking down and drying 
of the internal tissue, particularly that near the stylar end. 


FIRMNESS AND COLOR 


Notes were taken on the effects of the different treatments upon 
the color and firmness of the fruit, and the results were recorded as 
percentages. Lemons showing ideal firmness were given a rating of 
100 and softer lemons a lower rating. Fruit that had the most desir- 
able color for immediate marketing was rated at 100; that which was 


‘ 


* BROOKs, C., and McCo.tocu, L. P. SOME STORAGE DISEASES OF GRAPEFRUIT. Jour. Agr. Research 
52: 319-351, illus. 1936. : 
’ Ripeway, R. COLOR STANDARDS AND COLOR NOMENCLATURE. 43 pp., illus. Washington, D.C . 1912 
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greener was given a lower rating and that which had too much brown 
in the y ellow was given a higher rating. The results from two of the 
experiments are shown in figures 11 and 12. The results from the 
other experiments were in general agreement with these but showed 
slightly less contrast. 


GREEN LEMONS STORED AT — 
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FIRMNESS (PERCENT) COLOR (PERCENT) 
Ficure Il.--Effect of storage conditions upon the firmness and color of lemons. Green and silver lemon 


stored March 20, 1934; record made 12 weeks later. 


The effects upon color were more pronounced with green lemons 
than with silver lemons. The rate of color development usually 
increased with an increase in the storage temperature. 
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FIGURE 12.—-Effect of storage conditions upon the firmness and color of lemons. Green and silver lemons 
stored January 23, 1935; record made 16 weeks later. 





Carbon dioxide treatments usually delayed color development, 
especially in the prestorage treatments with high percentages of 
carbon dioxide. 

Color usually developed more slowly in waxed than in unwaxed fruit. 

The firmness of the fruit usually decreased with a rise in the storage 
temperature. Fruit held for 1 to 3 weeks at a lower temperature before 
being moved to a higher usually showed decidedly greater firmness 
than that held continuously at the higher temperature. 
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Carbon dioxide treatments bad little, if any, effect upon loss of 
firmness. 

Waxing had a most pronounced effect in delaying the loss in firm- 
ness, especially at the higher temperatures. 

In the tests reported in figure 11 several of the waxed and unwaxed 
lots were weighed before and after being stored, and it was found that 
the loss in weight of the waxed fruit was 75 to 95 percent less than that 
of the control fruit. 





SUMMARY 


Certain storage diseases of lemons are described and experiments are 
reported showing the response of these diseases to storage conditions. 

The storage lots were small but great care was taken in selecting 
them. 

Fruit was held in storage at 32°, 36°, 40°, 50°, and 60° F. 

During the first 6 or 8 weeks of storage there was more decay at 
the higher temperatures, but with longer storage this was sometimes 
reversed, apparently because of decay following watery break-down 
and pitting. 

Carbon dioxide failed to check alternaria decay. 

Pitting did not occur in 60° F. storage and was seldom serious at 
50°, but was the great limiting factor in storage at lower temperatures. 
It was much worse at 32° and 36° than at 40°. 

Holding the lemons at 32°, 36°, or 40° F. for 1 or 2 weeks before 
storing them at a higher temperature did not increase pitting. 

Prestorage treatments with high percentages of carbon dioxide 
tended to decrease pitting. 

Waxed lemons developed less pitting than unwaxed ones. 

Membranous stain showed most pronounced temperature response. 
Its occurrence at 32°, 36°, 40°, 50°, and 60° F. stood approximately in 
the order of 1, 12, 22, 8, and 2 percent respectively, with usually only 
asmall amount of the disease at 32° and 75 to 100 percent of the fruit 
affected at 40°. 

Fruit held at 32° F. 1 or 2 weeks before being stored at 50° or 60° 
usually developed less membranous stain than that held continuously 
at the higher temperature, but when held at 40° 1 or 2 weeks before 
being stored at 50° or 60° it sometimes developed more. 

Carbon dioxide gas storage decreased membranous stain. This was 
true with fruit receiving prestorage treatments with high percentages 
of carbon dioxide and with that exposed for several weeks to low 
percentages produced either by the addition of carbon dioxide to the 
atmosphere or by building it up by means of the fruit respiration. 

Waxed fruit usually had less membranous stain than unwaxed. 

Watery break-down was sometimes serious in 32° F. storage but did 
not occur at higher temperatures. Scald and red blotch were occasion- 
ally found on fruit held at low temperatures. 





Prestorage treatments with high percentages of carbon dioxide 
tended to delay color development. 
Waxed fruit lost weight and firmness very much more slowly than 


unwaxed fruit. 

No injury resulted from the accumulation of low percentages of 
carbon dioxide in the storage atmosphere, and none from prestorage 
exposure to high percentages of carbon dioxide. 








PRODUCTION OF SYNTHETIC MYCORHIZA IN THE 
CULTIVATED CRANBERRY ' 


3y Henry F. Bain 


Senior pathologist, Division of Fruit and Vegetable Crops and Diseases, Bureau of 
Plant Industry, United States Department of Agriculture 


INTRODUCTION 


Investigations in the Ericaceae have played an important role in 
the broader study of relationships existing between mycorhizal fungi 
and their host plants. Many species of the family, particularly those 
growing in peat and raw humus soils, regularly have mycorhiza of a 
rather uniform type, in which the epidermal or cortical cells of the 
roots are filled with compact masses of fungus mycelium. According 
to some investigators, the mycorhizal fungi invade above-ground 
organs as well as roots of the host, the mycelium in this case being 
generally distributed throughout the plant in a highly attenuated 
and sparsely developed form. Extraordinary significance has been 
ascribed to this systemic form of infection, as the fungus is considered 
to furnish an indispensable stimulus to root production by the host 
plant. Other investigators have questioned the existence of systemic 
infection and its obligate relation to root production. Some workers 
suspect that the mycorhizal fungus supplies nitrogen to its host, 
either by making nitrogenous compounds in the peat available or by 
directly fixing atmospheric nitrogen; others doubt whether the host 
derives any benefit from its endophyte. The present paper adds to 
this general subject some observations on the mycorhiza of the cul- 
tivated cranberry, Vaccinium macrocarpon Ait. 


REVIEW OF LITERATURE 


A critical review of the literature is essential to an understanding 
of the discordant views held by present investigators. Stahl in 1900 
(32)? grew seedlings of Vaccinium myrtillus in ‘sterilized soil and re- 
ported that they were mycorhiza-free but developed as well as 
mycorhiza-infected plants. Ternetz in 1907 (37) reported that several 
strains of a fungus described as Phoma radicis, isolated from roots of 
different ericaceous species, were able to fix atmospheric nitrogen. 
The identity of the isolated strains with the root endophytes was not 
established because mycorhiza-free plants could not be secured for 
inoculation tests, even by growing plants from surface-sterilized seed 
planted in peat sterilized at 120° C. on 2 successive days. Ternetz 
res asoned that the mycorhizal fungus must have been present in the 
seed, and in confirmation reported finding brown hyphae, similar to 
those occurring on ericaceous roots, in seed coats of Calluna vulgaris, 
one of the plants with which she worked. After considering various 
ways in which the mycelium might have reached the seed, Ternetz 
inclined toward the view that infection takes place during bloom. 


| Received for publication Feb. 3, 1937; issued February 1937 
Reference is made by number (italic) to Literature Cited, p. 834 


Journal of 1 oe Research, Vol. 55, no. 11 
Washington, D. Dec. 1, 1937 
Key no. G-1071 
41931—38 





1 
1 


812 Journal of Agricultural Research Vol. 55, no 


In a series of publications beginning in 1911, Rayner gradually 
developed the hypothesis of systemic infection and obligate symbiosis 
in the Ericaceae. Her first (joint) paper (23) suggested that myco- 
rhiza might be an important factor in accounting for the natural 
distribution of Calluna vulgaris. Working with the same plant, she 
reported in 1913 (1/6) finding seed-coat infection in unopened capsules 
and isolated a fungus from surface-sterilized mature seed which “‘has 
since then been identified with the species occurring as mycorhiza in 
the roots” (16, p. 70, footnote). Fungus-free cultures of seedlings 
were obtained when the strength of the sterilizing solution (mercuric 
chloride) was increased to 1 percent. Rayner interpreted this to 
mean that the seed-coat-inhabiting mycorhizal fungus had been 
effectively eliminated and that in consequence these seedlings were 
truly mycorhiza-free. All such seedlings failed to produce normal 
roots. In 1915 (17) she reported success in stimulating similar 
“mycorrhiza-free”’ seedlings to form roots and grow normally on an 
agar substrate by inoculating the cultures with a Phoma isolated 
from unopened fruits. The circumstance of root stimulation was 
considered to prove not only that the Phoma was identical with the 
Calluna endophyte but also that the relation between root formation 
and mycorhizal infection was obligate. As will be pointed out later, 
the Phoma did not produce typical mycorhiza in the inoculated seed- 
lings. Unlike Ternetz, Rayner was of the opinion that the fungus 
reached the seed by growing up through stem and fruit tissues and 
that seedlings subsequently became infected by hyphae from seed 
coats growing into roots shortly after germination. Microscopic 
examination revealed fine hyphae in leaves and stems of the plant. 
The final link in the development of Rayner’s hypothesis appeared 
in 1922 (19), when she referred her Phoma to the nitrogen-fixing 
P. radicis of Ternetz and, by accepting the identity of the fungi, 
considered that her findings confirmed and extended those of Ternetz. 

Christoph in 1921 (6) first seriously questioned Rayner’s work. 
He isolated a nonfruiting fungus from roots of Calluna vulgaris, 
which produced typical mycorhiza when inoculated into the soil in 
which Calluna seedlings and cuttings were growing. The fungus was 
obviously not Phoma radicis. Uninoculated plants grew normally 
and remained free from mycorhiza, in some cases for more than 2 
years. Christoph started his plants in sterilized soil, but afterward 
grew them in open pots unprotected from contamination. Rayner 
(18) promptly replied to this article by criticizing Christoph’s work 
on the three grounds that the seeds were incompletely sterilized, 
that they were not grown under aseptic conditions, and that the 
microscopic technique employed in making the examination for 
infection was inadequate. She charged that Christoph completely 
overlooked the “fine mycelium” type of infection, which was undoubt- 
edly present in his uninoculated plants. On her part, Rayner min- 
imized the fact that Christoph’s fungus produced the “knot” form of 
mycorhiza in roots of plants growing in previously sterilized soil. 

‘Dufrénoy (8) in 1917 reported that the endotrophic mycorhizal 
fungus associated with root tubercles of Arbutus unedo extended 
throughout all organs of the plant in that species. After death of 
sepals, petals, and leaves, the fungus continued to grow saprophytically 
and in that stage produced conidia. The fungus was also said to 
sporulate on rootlets which it had previously parasitized. By 
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implication the fungus was considered to be a strain of Phoma radicis. 
It was not isolated from the plant. Working with the same host 
species, Rivett in 1924 (26) concluded that the tubercles were pri- 
marily caused by a fungus growing ectotrophically and that the 
“knot” form of endotrophic mycorhiza developed in them somewhat 
later. Nontuberculate roots were frequently infected with the 
attenuated form of hyphae. It was assumed that the three types of 
mycorhiza—the ectotrophic and both endotrophic forms—were 
caused by a single fungus, although no isolations were made. 

A reinvestigation of the whole problem of mycorhiza in Calluna 
was reported by Rayner (20) in 1925. Essentially the same conclu- 
sions were reached. Some new details regarding distribution and 
time of development of mycelium in the plant were given. She stated 
that “fungal infection and the stimulus to development associated 
with it on the one hand, and the formation of root mycorhiza on the 
other hand, must be regarded as distinct phenomena” (20, p. 285), 
although the same fungus was believed to bring about both condi- 
tions. When Rayner repeated Christoph’s experiment of growing 
cuttings in sterilized peat, she found that after 8 months the roots 
appeared to be free from mycelium; i. e., like Christoph’s check plants, 
they failed to develop the ‘“‘knot” type of mycorhiza. However, she 
insisted that the attenuated form of the endophyte was present. 

In 1928 Doak (7) briefly reported isolating a mycorhizal fungus 
from roots of Vaccinium corymbosum and V. pennsylvanicum, which 
produced mycorhiza in “sterile seedlings.””’ Normal root and stem 
development did not depend on the presence of the fungus. The 
fungus resembled Rhizoctonia. Unfortunately, a complete account 
of these investigations has not been published. 

Using a culture of Phoma radicis callunae, isolated by Rayner in 
1924, Jones and Smith (72) in 1928 reported that the fungus fixed a small 
amount of atmospheric nitrogen but exhibited unmistakable growth 
response when available nitrogen was added to the culture solution. 
The authors felt that the study ought to be repeated with a newly 
isolated strain of the fungus. 

The notion of systemic infection was carried still further by Rayner 
in 1929 (21), when she reported that in the genus Vaccinium the 
endophyte penetrates into the endosperm of the developing seed. 
The investigation dealt largely with V. macrocarpon and V. oxrycoccus, 
though ovarial infection by fine hyphae was reported for seven species 
of the genus. Fruit infection was detected as early as July. In 
mature seed the embryo alone lacked infection. When seed were 
aseptically transferred to agar from surface-sterilized berries, the fine 
hyphae in the seed coat and endosperm became active and penetrated 
into the developing hypocotyl but did not grow into the agar, a 
circumstance that appeared “very puzzling” (21, pp. 60-61). Despite 
the fact that the endophyte was never isolated from any part of the 
cranberry plant, it was assumed that the mycorhizal fungus was a 
strain of Phoma radicis. Seedlings were grown on agar with and 
without seed coats removed. In both cases they grew well but rooted 
irregularly, and roots in contact with the agar browned early. Roots 
and stems of the seedlings were found to be sparsely infected with 
fine hyphae. It was argued that since the endosperm is infected the 
seedlings likewise must be infected; consequently, it is impossible to 
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follow the classic method of inoculating fungus-free plants with a pure 
culture of the endophyte in Vaccinium species. Concerning the 
failure of the seedlings to develop the ‘“‘knot”’ type of mycorhiza in 
agar cultures, the following statements appear (2/, pp. 66-68): 

{[Mycorrhiza formation] is an annual event, influenced largely by soil conditions 
* * * The direct relation of mycorrhiza formation to soil constitution is 
emphasized once more, and in Vaccinium there can be little doubt of its immediate 
connexion with an abundant supply of natural humus. * * * Mycorrhiza 
formation [in Vaccinium) is likewise hindered by certain conditions in the rooting 
medium. * * * the formation of mycorrhiza is partially inhibited in the 
roots of both species [Vaccinium and Calluna] when grown in a sterilized medium. 

In 1929 Knudson (13) reported growing seedlings of Calluna vul- 
garis for more than 2 months without the formation of mycorhiza. 

a) .] “1° . 

The plants rooted normally. Seed were surface-sterilized with cal- 
cium hypochlorite solution and planted on nutrient agar in test tubes. 
The agar slants remained sterile except one series in which the seed 
contained a considerable amount of chaff. All the cultures in this 
particular series developed an Alternaria, which was unable to pene- 
trate into the roots. Phoma did not appear in any of Knudson’s 
cultures, and no attempt was made to isolate the endophyte from roots 
of naturally infected plants. 

Rayner immediately criticized Knudson’s work, claiming that he 
used imperfect sterilization methods and then overlooked infection 
in his seedlings because of faulty technique. She stated (22, pp. 383- 
384): 

In imperfectly sterilised cultures [i. e., those in which the Phoma presumably 
occurring in the seed coats is not killed] in an aseptic rooting medium typical 
mycorrhiza is not formed; mycelium is casual in distribution, often very sparsely 
developed, and may be extremely difficult to put in evidence in the earlier stages of 
growth. * * * ‘The early stages of infection in cultures such as those de- 
scribed show no hyphal complexes within the root cells * * *. The two 
phenomena— infection of the seedling at germination and the formation of mycor- 
rhiza—are distinct; the former is invariable, the latter conditioned by the nature 
of the rooting medium * * * Presumably, by “root infection’? Knudson 
understands the formation of the characteristic hy phal complexes found in typical 
Calluna mycorrhiza. In my experience, these are never formed in a sterile agar 
rooting medium of the kind used * * *. Knudson’s conclusions tend to 
confirm those reported by Christoph because he has employed a similar technique 
and does not appreciate the true character of seedling infection as distinct from 
mycorrhiza formation. 

Further support for the nitrogen-fixing ability of Phoma radicis 
callunae was reported in 1929 by Rayner and Smith (24). In the 
course of a physiological investigation of the fungus it was ‘found that 
both the fungus and Calluna seedlings thrived better when nitrates 
and other forms of combined nitrogen were left out of the nutrient 
media. Strains of the endophyte were said to exhibit a high degree of 
specialization toward their respective host plants. On the subject of 
mycorhiza formation it was again stated (24, p. 287) that “(* * * 
roots although infected by mycelium do not develop functional mycor- 
rhiza in a sterilised substrate ).” 

Investigating the nutrient requirements of the cranberry ie 
cinium macrocarpon) in 1931 and 1932, Addoms and Mounce (/, 2 
concluded that the mycorhizal fungus alone was not able to supply - 
plant’s demand for nitrogen. Rooted cuttings were grown in sand in 
open pots. Fungus mycelium, presumably of Phoma radicis, was 
observed in above-ground plant parts, including fruit and seed, as well 
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as in roots. There appeared to be a positive correlation between the 
amount of mycelium present and vigor of growth in the host plant. 
Isolation of the fungus was not attempted. 

Two important contributions to the subject appeared in 1933. 
Knudson (14) repeated his experiments with Calluna with greater 
precision and presented new evidence that calcium hypochlorite 
effectively sterilized the seed. Using Rayner’s microscopic technique, 
he was again unable to detect mycelium of any kind in seedlings grown 
on agar. Root formation was completely inhibited on such agar 
substrates as potato dextrose and those containing peptone, but 
seedlings rooted normally on favorable media, i.e., the rooting response 
was obviously controlled by the composition of the substratum. 
Again Phoma failed to appear in any of the cultures. Friesleben (9) 
isolated from the roots of Vaccinium myrtillus a mycorhizal fungus 
that reproduced the “knot” type of mycorhiza in seedlings grown from 
surface-sterilized seed. The fungus, which failed to fruit, was ten- 
tatively called Mycelium radicis myrtilli. The plants were grown in a 
peat-sand mixture, in flasks that were sterilized and handled asepti- 
cally throughout the experiment. Employing Rayner’s technique, 
Friesleben was unable to find the attenuated form of infection in his 
“sterile’’ plants. In one important respect his results confirmed those 
of Rayner, namely, that seedlings in the fungus-free flasks failed to 
produce roots and soon died. 

Using the same technique as before, Friesleben (/0) in 1934 isolated 
four root fungi from three Vaccinium species (two strains from V. 
myrtillus and one each from V. vitis-idaea and V. uliginosum), each 
of which induced formation of true mycorhiza not only in its original 
host plant but also in the other three species of Vaccinium and in V. 
orycoccus as Well. Stimulation to root and shoot growth acc ompanied 
synthesis in all cases. None of the fungi fruited. Still more import- 
ant, Friesleben found that the stimulus to root formation in sterilized 
pe: 1t was brought about equally well by several nonmycorhiza-forming 
fungi isolated ‘from soil surrounding roots and from surfaces of vege- 
tative parts of native plants. A culture of Rayner’s Phoma radicis 
callunae parasitized V. orycoccus but reacted toward V. viiis-idaea in 
the same manner as the other nonmycorhiza-forming fungi. These 
discoveries compelled Friesleben to abandon the idea of specific and 
obligate symbiosis in Vaccinium and to hold instead that root suppres- 
sion is due to an unfavorable condition in the rooting medium, which 
may be corrected by the presence of various fungi whether or not they 
are mycorhiza forming. He pointed out that fungi might alter the 
substratum either by secreting substances needed by the higher plant 
or by breaking down toxic substances produced during sterilization. 

A comprehensive series of experiments with ericaceous mycorhiza 
was reported by Friesleben in 1935 (11). Seedlings of 21 species in 13 
genera, representing all except 2 tribes of the Eric “aceae, Were grown 
in sterilized peat, and except for the tribe Arbuteae all the species 
exhibited growth repression similar to that found earlier (/0) in 
Vaccinium species. The repressive effect disappeared when the 
sterilized peat was inoculated with living cultures either of the root 
fungi previously isolated from Vaccinium spp. (10) or of certain other 
nonmycorhiza-forming soil fungi. Mycorhiza was produced by the 
Vaccinium endophytes in most of the species. Seedlings in asymbiotic 
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cultures on favorable nutrient agar rooted and grew well, but not 
quite so vigorously as in inoculated sterilized peat. On the other 
hand, repressive effects similar to those of sterilized peat developed 
in cultures on the following media: (1) Ether, alcohol, and water 
extracts from peat; (2) agars containing peptone, malt extract, and 
potato; and (3) extracts from fungus mycelium. Friesleben concluded 
that the stimulating effect of fungi on heath plants is brought about 
by inactivation, destruction, or absorption of repressive substances in 
the rooting medium, rather than by secretion by the fungi of sub- 
stances stimulating to the higher plant. 

In the mass of conflicting evidence and opinion outlined above, 
investigators have agreed that ericaceous plants generally possess 
mycorhizal fungi in a form variously referred to as “hyphal complex,”’ 
“knot,” or “Hyphenkniuel,” because of the typical structures pro- 
duced by the fungi in root cells. Fungi isolated from these “hyphal 
complexes”’ have been found to reproduce similar structures under 
experimental control in Calluna vulgaris (by C hristoph), Vaccinium 
corymbosum and V. pennsylvanicum (by Doak), and V. myrtillus, V. 
vitis-idaea, and V. uliginosum (by Friesleben). Friesleben’s Vaccinium 
endophytes also produced the hyphal complex type of mycorhiza in 
10 additional genera of Ericaceae, including C. vulgaris. The endo- 
phytic fungi isolated by these investigators failed to produce spores 
when grown in pure culture. Plants grown in the absence of the 
endophytes apparently developed normally when certain other neces- 
sary conditions were provided. 

On the contrary, there has been lack of agreement regarding the 
role attributed to Phoma radicis. Rayner’s views have been repeatedly 
and clearly set forth, as indicated by excerpts in the foregoing review. 
Two of the fundamental claims she makes for the fungus have been 
placed in a doubtful category by other workers, since (1) root suppres- 
sion has been attributed (by Knudson and by Friesleben) to factors 
inherent in the rooting medium rather than, as Rayner postulates, to 
lack of Phoma in the plants and (2) the actual existence of systemic 
infection in the form of ‘fine hyphae” has been openly questioned. 
Confirmation of the latter phenomenon has come only from observers 
(Dufrénoy, Rivett, Addoms and Mounce) who have examined ma- 
terial microscopically but have not attempted to grow the fungus 
and host apart from one another. Those who have isolated endo- 
phytes from roots (Christoph, Doak, and Friesleben) or who have 
grown plants for the specific purpose of determining whether my- 
corhiza is indispensable (Stahl and Knudson) have not confirmed it. 
The widely circulated view that P. radicis is the fungus causing true 
mycorhiza in the Ericaceae is not based on experimental proof, since 
every strain of Phoma so far isolated has failed to produce the hyphal 
complex form of mycorhiza under controlled conditions (Ternetz; 
Rayner; and Friesleben (10, p. 449)). 


SCOPE OF THE PRESENT INVESTIGATION 


The present paper reports isolation of root endophytes from four 
ericaceous species— Vaccinium macrocarpon Ait., V. canadense Kalm., 
Chamaedaphne calyculata (L.) Moench, and Ledum groenlandicum 
Oeder.—and a method of synthesizing mycorhiza in a sterilized agar 
medium. Although the endophytes from the four host plants have 
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not fruited, marked growth differences in culture leave little doubt 
that the fungi are specifically distinct, and none of them resembles 
Phoma radicis as described in the literature or as compared with a 
culture of P. radicis callunae Rayner, obtained from the Central- 
bureau voor Schimmel Cultures in Baarn, Netherlands. Originating 
from three different host genera, all four fungi produce Kp com- 
plex infections in roots of cranberry seedlings (V. macrocarpon) grown 
on agar under pure-culture conditions. The freedom with which the 
fungi penetrate roots, as well as the rooting response of seedlings, is 
shown to be markedly influenced by the constitution of the substrate. 


ISOLATION OF THE ENDOPHYTES 


The cranberry endophyte was isolated from roots of seedlings grown 
in the greenhouse in Washington, D. C., in peat brought from a com- 
mercial cranberry planting in Wisconsin the previous fall and kept 
moist until used. Seeds were planted in January and February 1932. 
Seedlings started emerging about 3 weeks after planting, and a month 
later some of the roots on most plants were typically infected with the 
hyphal complex form of mycorhizal fungus. 

Isolations were made without previous surface sterilization of the 
roots. Roots were thoroughly washed in sterilized water with a soft 
camel’s-hair brush and layers of epidermis one cell in thickness were 
stripped from them with No. 12 steel needles. After the positions of 
favorably located infected cells had been carefully noted under the 
compound microscope, the strips were transferred to a watch glass, 
where the epidermal tissue was further dissected into pieces of some 
half dozen cells or less, containing a minimum number of infected 
cells. Five or six of these pieces were transferred to the surface of a 
thin layer of nutrient agar on a cover glass, covered with a small drop 
of clear water agar, and then inverted over a Van Tieghem cell with 
a drop of sterile water in the bottom. In the most favorable prepara- 
tions the pieces of epidermis lay parallel to and near the cover glass, 
completely embedded in agar, so that growth from the mycorhizal cells 
could not only be watched under a 4-mm objective but could also be 
photographed in situ with a fair degree of success. 

Out of a large number of slides prepared in this manner, most of the 
tissue pieces remained sterile, a few were evidently contaminated, and 
16 yielded pure cultures of the endophyte. As observed under the 
microscope, the first indication of growth in the mycorhizal cells was 
an increase in the mass of internal hyphae, sometimes to the extent of 
distending the cell walls considerably before the hyphae broke through. 
Some 40 hours or so after the cultures were started, hyphae began to 
pierce the walls and to grow into the agar at an extremely slow rate. 
The slides were held under observation for at least 6 days, after which 
the developing fungus growths were transferred to test tubes of 
nutrient agar. Plate 1, A to C, illustrates the development of hyphae 
in one such preparation that contained three ‘‘mycorhizal cells’ 
(indicated as a, b, and). In plate 1, A, photographed 44 hours after 
the slide was prepared, a hypha had just emerged from cell a; there 
was no growth from the other two cells. In B, 92 hours old, a second 
hypha had made its appearance, coming from cell b. C shows the 
condition at 139 hours, with cell ¢ greatly swollen by the development 
of internal hyphae. A short time later, numerous hyphae grew out 
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from cell c and the entire piece was transferred to a test tube. DL) shows 
another preparation photographed when 6 days old, in which several 
hyphae had emerged from the torn end of the single mycorhizal cell. 

The same method of isolation was followed with the other three host 
species except that, instead of using roots of seedlings, mature plants 
were dug, all fine rootlets were removed, and the plants were reset in 
the same soil. Isolations were made from newly formed rootlets as 
soon as mycorhiza formation was evident. This part of the work was 
carried out during the summer of 1932 in Wisconsin, where equipment 
was lacking to make photographic records; however, the development 
of hyphae was very carefully noted under the high powers of the 
microscope. Vaccinium canadense gave exceptionally satisfactory 
preparations, as the infected epidermal cells separated easily and two 
transfers of completely free single cells were obtained, each of which 
yielded a culture of the fungus. A total of 8 isolations of the V. 
canadense endophyte, 14 of the Chamaedaphne endophyte, and 2 of 
the Ledum endophyte were secured. All fungi from each host plant 
were identical in culture. 


CULTURAL CHARACTERISTICS 


The cultures were subsequently grown on a wide variety of media, 
including most of the common laboratory sorts, and were subjected to 
various light and temperature conditions in unsuccessful attempts to 
induce sporulation. Aside from the fact that all four fungi have 
septate hyphae, no morphological characters have been developed that 
would help to determine their systematic relationships. The most 
prominent characteristic of the fungi as a group is their extremely slow 
rate of growth, the cranberry fungus having a radial growth of about 
0.25 mm per day at room temperature on most media; the blueberry 
(Vaccinium canadense) fungus, about 0.10 mm; the Ledum fungus, 
about 0.20 mm; and the Chamaedaphne fungus, about 0.40 mm. 

Individual hyphae of the cranberry fungus are invariably hyaline. 
On some media they remain relatively slender and separate, with the 
definitely self-limiting colony submerged (pl. 2, A, ¢), and they are 
cartridge buff* in color. On other media, notably on onion and 
beer-wort agars, the colony becomes semistromatic with cells greatly 
swollen and densely packed with oil globules, the fungus tissue 
eventually piling up on the surface and breaking into numerous folds 
and fissures (pl. 2, B,c). In the latter condition and in older cultures 
on some other media the colony assumes a chamois or Natal-brown 
color. 

The blueberry (Vaccinium canadense) fungus presents an extreme 
contrast. Here the colony is dark ivy green to olivaceous black, and 
the individual hyphae are smoky, even showing a dark tinge in hyphal 
walls when forming ‘‘knots” in the lumina of cranberry root cells. 
The colony does not grow as large as the cranberry fungus (pl. 2, A, d). 
The major portion of the colony is submerged, but it is usually covered 
with a velvety layer of erect aerial hyphae about 0.5 mm in length. 
Oil globules occur in abundance on most media. 

mn : 

The Chamaedaphne endophyte has hyaline hyphae that on some 
media become dark-colored with age. The colony on most media is 
dark-colored, and a thin layer of aerial hyphae above darker sub- 





Color names used are according to Ridgway (#5) 
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Cranberry mycorhizal fungus isolations. A, Culture No. 24, 44 hours after being placed in hanging drop 
of agar. The eight-celled piece of root epidermis contains three hyphal complex cells (a, b,c). A hypha 
has emerged from cell a; no growth from cellsbandc. X 750. B, Culture No. 24, 92 hours old. Hypha 
at a has elongated, a second hypha has emerged from cell 6, and cell c is beginning to enlarge from internal 
growth of hyphae. xX 500. C, Culture No. 24, 139 hours old. Cell c is greatly enlarged by internal 
growth of hyphae. X 270. D, Culture No. 25, 6 days old. Hyphae emerging from torn end of single 
mycorhizal cell. xX 240. 
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M ycorhizal fungus colonies: A, 44 days old on modified McArdle agar; B, 47 days old on onion agar; 
a, Chamaedaphne endophyte; 6, Ledum endophyte; c, cranberry endophyte; d, blueberry endophyte 
Note particularly the difference in type of growth between a and 6 on onion agar and a and 6 on 


MeArdle agar 
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merged mycelium produces a mass effect of deep olive gray to oli- 
vaceous black. On some media the color is deep mouse gray, with a 
margin almost colorless (pl. 2, A,a, and B,a). The hyphae penetrate 
more deeply into the agar than do the hyphae of the two fungi just 
discussed, and in test tubes the colony eventually covers the entire 
agar surface; that is, it is not self-limiting. Oil is not ordinarily 
formed in the hyphae. 

The Ledum fungus hyphae are hyaline at first and remain so on some 
media while becoming dark with age on others. The colony is 
mummy brown to fuscous black practically to its margin. On most 
media the mycelium is submerged, but occasionally aerial tufts of 
pale gull-gray to dark olive-gray hyphae are produced (pl. 2, A, 6, and 
B, b) The colony rarely extends to the edge of the agar surface. 
Oil is formed abundantly on some media and is entirely lacking on 
others. The Ledum and Chamaedaphne endophytes bear more re- 
semblance to each other than to any of the other fungi, but exhibit 
well-defined differences on every medium so far used (pl. 2, A and B). 

The cultures have been maintained since 1932 on a modification of 
the agar used by McArdle (15, p. 299, footnote), made up as follows: 


Grams Grams 
Agar__ besa 15 to 20} Ca(NOQs)> 0. 50 
Maltose a _ 2.0] KH,PO, a) | an 
Dextrose ____ Renae 2. 0 Cubic 
Soluble starch _-_ 2. 0 centimeters 
MgSQ,._-- . 50} H,O (distilled) _ _ 1,000 


To this formula a small amount of peptone is sometimes added, to 
the advantage of the fungi but spoiling the usefulness of the culture as 
a source of inoculum because of the repressive effect of the peptone 
on seedling cranberry roots. Various sugars have been satisfactorily 
substituted for those named, and ammonium sulphate (NH,).SO,, may 
partly or completely replace the calcium nitrate, Ca(NO;)., as a source 
of nitrogen. 


SYNTHESIS EXPERIMENTS WITH THE CRANBERRY MYCORHIZAL 
FUNGUS 


METHODS AND OBJECTIVES 


After numerous attempts had been made to obtain root infection 
in cranberry seedlings growing in agar, the following method was 
found to give consistently good results: Sterile seed was planted in 
test tubes on 0.85- or l-percent agar, made with distilled water, to 
which no nutrients of any kind were added. Sterile seed was obtained 
either by transferring seed directly from surface-sterilized sound 
berries or by treating cleaned seed with calcium hypochlorite solution 
(10, 14, ete.) for 30 minutes or longer. In this connection it may be 
mentioned that cranberry seed germinate with much greater regularity 
if permitted to remain in the fruit until January at a temperature 
sufficiently low to keep the berries in prime condition (4, p. 10). 
Both methods of sterilization of seed fail to meet Rayner’s view that 
it is not possible to eliminate endosperm-borne mycelium of Phoma 
radicis from the seeds. This matter is considered at length in a later 
section, but it may be pointed out here that literally hundreds of 
plantings have been made on water agar and on nutrient agars 
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favorable to the growth of the cranberry root endophyte without 
once encountering Phoma radicis in culture (pl. 3, A to D). 

As the seed germinates the roots penetrate the agar freely and in 
most cases remain slender and bright-colored, branch naturally, and 
appear to be normal and healthy in all respects. The plants grow fo1 
3 or 4 months without showing marked signs of nutritional deficiences, 
reach an average height of about 4 cm, and produce six or more true 
leaves. At the end of the period they differ from plants grown in soil 
mainly in having somewhat longer internodes, fewer and slightly 
smaller leaves, and a much reduced root system. If transplanted to 
soil from water agar while actively growing, the seedlings will thrive 
as well as soil-planted seedlings of the same age. In the tubes the 
plants may remain alive and green for a year provided the agar does 
not dry out. Exposed roots redden in bright sunlight. Plate 3, £, 
illustrates an average 16-weeks-old plant grown in water agar. 

An occasional lot of distilled-water agar proves to be somewhat 
unsatisfactory. Here the roots cease growing, after penetrating a 
short distance into the agar, and send out numerous abortive branches, 
and the entire root system loses its bright, clear color, turning brown 
or black. The aerial portion of the plant is not affected, although 
there is a tendency to produce adventitious roots above the agar. 
This is apparently a mild form of toxicity due to the medium. More 
severe cases of toxicity brought about by adding various substances to 
the agar are discussed later. 

The seedling cultures may be inoculated with the mycorhizal fungus 
at the time the seed is planted, or if it is preferred to test the sterility 
of the seed the operation may be delayed until after the seed has 
germinated. Inoculations are made simply by spreading liberal 
quantities of crumbled fungus tissue from stock cultures (p. 819) 
among the seeds or plants (pl. 4, A). Hyphae from each piece of 
inoculum grow remarkably long distances into the nutrient-free 
medium. Mycorhiza formation takes place almost immediately after 
the slowly advancing hyphae come in contact with the roots. The 
hyphae follow the roots into the agar far beyond the depth to which 
they would otherwise penetrate, and continue to form mycorhiza as 
they advance. 

The type of infection that develops in the water-agar cultures 
appears to be identical with that in natural cranberry mycorhiza. 
After entering an epidermal cell (pl. 4, B), the hypha coils and branches 
freely within the lumen (pl. 4, B and C) until the enveloping mycelial 
mass finally fills the cell completely (pl. 5, B). The end result is 
digestion or disintegration of the mycelial mass within the cell exactly 
as it occurs in nature (20, pp. 268-269). The prevailing pattern of 
infection consists of infected epidermal cells, either single or in small 
groups, separated by larger areas of fungus-free tissue (pl. 5, A and B). 
Internal hyphae have been observed to pass from cell to cell (pl. 5, C), 
but apparently the plant inhibits an extensive spread of the fungus in 
this manner; the completely infected epidermal areas often encoun- 
tered probably result from separate external infections. The fungus 
has never been observed to penetrate more deeply into the root than 
the epidermal layer. Infection is strictly limited to root tissue, never 
occurring above the root-stem transition zone, despite the fact that 
external mycelium frequently advances well up the stem under agar- 
culture conditions. 
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i, Sterile cranberry seed planted on modified McArdle agar February 5, 1934. B, Tube of same agar 
inoculated with cranberry root endophyte. Cand D, Same cultures asin A and B, 29 days later. Note 
that seed culture remained sterile although medium is favorable to growth of endophyte. FZ, Average 

16-weeks-old cranberry seedling grown on sterile distilled-water agar. X 1¢ 
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, Culture of cranberry seedlings on distilled-water agar, planted January 15, 1934, inoculated with the 
ye root endophyte January 29; photographed February 28. Plant a was removed March 10, when 
photomicrographs of mycorhiza, reproduced in plate 5, A and B, were made from its roots. X 1's. B, 
Cranberry mycorhizal fungus entering epidermal cells of cranberry seedling root in distilled- water — 
culture; seed planted January 15, 1934, inoculated January 29; photographed March 13. X 963 
Epidermal cel] almost filled by mycorhizal mycelial complex. From same culture as B, cirmenied 
March 24, 1934. XX 963. 
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Several questions immediately arise in regard to the significance of 
infections obtained in the manner described. Do they provide con- 
clusive proof that the fungus is in fact identical with the endophyte 
that produces similar structures under natural conditions? In other 
words, is this true mycorhiza formation? Or is it more probable that 
the plants are partly starved when grown on nutrient-free agar and 
consequently have lost their ability to resist invasion by the fungus? 
Is the plant either injured or benefited as a result of the infection? 
Will fungi from other sources produce similar formations in the roots? 
ls Phoma radicis present systemically in both inoculated and uninoc- 
ulated plants? Lf Phoma, rather than the fungus isolated by the writer, 
is the true endophyte, why does it not produce the ‘mycelial com- 
plexes” under these conditions as the cranberry fungus does? In an 
attempt to answer these and related questions numerous experiments 
have been conducted. 

Agar rather than sterilized soil was used for the inoculation experi- 
ments because it appeared to offer certain advantages over soil, partic- 
ularly in respect to the ease of varying the nutrient composition of the 
substrate and of observing the behavior of fungi, whether introduced 
intentionally or accidentally. The stock culture medium (p. 819) 
that had proved favorable to the fungus was first tried, with disap- 
pointing results. Roots coming in contact with the agar did not grow 
normally, but soon turned brown and failed to penetrate into the 
medium. (Compare pls. 3, C, and 4, A.) In the inoculated series the 
fungus enveloped the surface-lying roots with a dense weft of hyphae 
but only on rare occasions penetrated into epidermal cells to produce 
characteristic hyphal complexes. These few instances of infection, 
however, closely resembled mycorhiza and made it appear that the 
true endophyte was being used, but under conditions not conducive to 
abundant infection. Proceeding next on the assumption that the 
fungus might obtain food materials from roots if not available in the 
culture medium, nutrient-free agar was tried, resulting in immediate 
and at times extremely heavy infection as noted above. 


RESULTS OF EXPERIMENTS 


In a series of water-agar cultures started in the spring of 1935, 6 
seeds were planted in each of 284 test tubes, 142 of which were inocu- 
lated with the cranberry endophyte. Frequent microscopic examina- 
tion showed that plants in the inoculated series were invariably myco- 
rhizal while those in the uninoculated checks lacked mycorhiza. At the 
end of 16 weeks 750 plants remained in the inoculated series and 767 in 
the checks. At this time the average height of 25 random plants in 
the inoculated series was 41 mm and in the uninoculated series it was 
39 mm; both lots had an average of 7 true leaves. All the plants 
were then removed, with root systems intact, and were thoroughly air- 
dried and weighed. The weight per plant in the inoculated series 
was 3.64 mg and in the uninoculated series 3.63 mg. The seed reserve 
obviously must have supplied practically all mineral nutrients used 
by the plants grown under both conditions; the fungus did not se- 
riously deplete the store; and nitrogen availability and starch forma- 
tion must have been about equal in the two lots. It appears, then, 
that the fungus was neither injuriously parasitic nor beneficial to the 
plants under the conditions of the experiment. 
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Some curious results were obtained in another series of plantings in 
1935, in which an attempt was made to find out whether the fungus 
derived certain substances or elements from the roots. With modified 
McArdle agar as a base, one after another of the chemical compounds 
was omitted, and by making substitutions in the formula, a single 
element at a time was eliminated. The formulas were made up as 
shown in table 1, with 15 g of agar and 1,000 ec of distilled water added 
to each except to the nutrient-free agar. 

The cranberry fungus was grown for 2 months in a tube from each 
lot, after which transfers were made from the edges of the colonies to 
fresh lots of the same agars. The diameters of the colonies on the 
subcultures were measured when the colonies were 19 days old; the 
results are shown in plate 6, A. There was definite growth in every 
lot, though the sparse development of hyphae in- No. 1 and the reduced 
rate of growth in No. 10 were decidedly subnormal. Growth was 
slightly subnormal in all others except Nos. 2 and 9. 

On February 5, seed from surface-sterilized berries were planted, 
five or six to the test tube, on the agars described above. Germina- 
tion was irregular. Half of the tubes were inoculated with standard 
agar cultures of the cranberry fungus after the seed germinated. The 
other half were held as checks. The tubes were capped with waxed 
paper and kept in the greenhouse for 16 weeks. Roots from both inoc- 
ulated and check lots were examined at frequent intervals for fungus 
infection. At the conclusion of the period 25 plants from each lot 
were measured, and all plants were carefully removed, air-dried for 4 
months, and weighed. 

Marked differences in growth were evident from the beginning, 
showing in such respects as height, color, and thickness of stems; size, 
number, and color of leaves; numbers and branching of roots; penetra- 
tion of roots into the agar; and formation of adventitious roots that 
grew along the glass surface opposite the agar. Notes are summarized 
in table 2 and charted in plate 6, A. 
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, Root from plant a (pl. 4, A), photographed March 10, 1934, showing distribution of infected (dark-col- 
ye epidermal cells. X 167. B, Mycorhiza from plant @ (pl. 4, A), photographed March 10, 1934; in 
four infected cells the mycelium is in early stages of digestion; in pach right the hyphal coils have not 
quite filled the cell. X 750. C, Early stages of infection in water-agar culture; hyphae branching and 
beginning to coil in cell a and — a cell walls into 6 and c; a branch from c has started into d; 
photographed March 23, 1934. X 750 
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A, Average plants in the 1935 agar-culture series (tables 1 and 2); in each pair, plant on left is from inocu- 
lated culture, on right from uninoculated culture; blocks represent relative diameters of cranberry mycor- 
hizal fungus colonies on the respective agars (1-12) when 19 days old; individual plants were photographed 
and the prints were inked over after being assembled, thus making roots appear considerably heavier 
than they actually were. X approximately 4%. 3B, Cranberry seedlings 60 days from date of planting, 
grown in (a) cork-sand mixture, not inoculated, not mycorhizal; (6) cork-sand mixture, inoculated with 
cranberry mycorhizal fungus, all roots above rz infected; (c) distilled-water agar in test tube, inoculated 
with mycorhizal fungus, mycorhiza!; (d) Wisconsin peat, mycorhizal; traced root by root under enlarging 
camera; diameter of roots enlarged for illustration. xX Approximately 44. 
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Any attempt to interpret these results evidently must be made 
by comparing the behavior of plants in nutrient-free agar (No. 12) 
with that of plants in either complete agar (No. 11) or in the agar in 
which the plants most nearly approximated normal soil growth (No. 
7, uninoculated). The growth differences between inoculated and 
uninoculated plants on nutrient-free agar, as pointed out, were not 
measurable. On complete agar the only apparent difference was 
an increase of 20 percent in weight of the inoculated plants over the 
checks, while these inoculated plants were but 33% percent heavier 
than either inoculated or uninoculated plants grown in nutrient-free 
agar, and were only slightly taller and produced but one more leaf. 
The plants that grew the tallest stems and the greatest number and 
largest sized leaves (No. 7, uninoculated) weighed slightly less than 
those on the inoculated complete-nutrient agar. In the light of these 
relations it must be concluded that wherever growth was subnormal 
as compared with plants in the nutrient-free agar, subnormal growth 
was due to direct injury exerted by the unbalanced substrate and 
not to deficiencies in the agar. Roots of subnormal plants responded 
by failure to penetrate the agar freely (in extreme cases becoming 
tuberculate in contact with it), or by turning brown or red, or by 
developing adventitiously or branching freely out of contact with the 
agar. This condition was apparently comparable to the root toxicity 
found by Friesleben (9, 10, 11) in using fungus-free sterilized peat, 
and lends support to Knudson’s suggestion (/4) that the failure of 
Rayner’s agar-culture Calluna plants to form roots was probably 
directly attributable to conditions existing in the substrate. The 
cranberry plant, by way of contrast, with its remarkable rooting 
capacity, was able to survive on these unfavorable media for long 
periods, although stems, leaves, and roots in contact with the agar 
often showed injury. 

Considering the combined effect of media and fungus on the plants, 
it was found that in three instances (Nos. 4, 5, and 10) the inoculated 
plants grew better than their uninoculated checks, and in three cases 
(Nos. 6, 7, and 9) the reverse was true. Where the inoculated plants 
were superior, there was a trace of mycorhizal infection in two lots, 
none in the other (No. 10); height of plants and general appearance 
were inferior to the water-agar cultures, though dry weight per plant 
was greater, and roots were abnormal. In those lots in which the 
checks were superior the plants grew decidedly better than the water- 
agar cultures in two cases (Nos. 6 and 7) and at least equally well in 
the other (No. 9), and the roots were almost normal in appearance. 
The plants in No. 1 also produced normal roots both in inoculated and 
check cultures; in growth they were intermediate between the water- 
agar and complete-agar cultures; and mycorhiza formation in inocu- 
lated plants in this carbohydrate-lacking medium was more abundant 
than in any other medium except water agar. Taking all these 
relations into consideration, the following conclusions appear to be 
justified: 

(1) The culture media as made up were injurious to the plants 
except in Nos. 1, 6, 7, 11, 12, and possibly 9. 

(2) The injury was of a toxic nature and was not due to specific 
nutrient deficiencies. 

(3) Presence of the fungus in the cultures tended either to reduce 
the toxicity (Nos. 4, 5, and 10) or to intensify it (Nos. 6, 7, and 9), 

41931—38——3 
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according to the changes in the medium brought about by metabolic 
activity of the fungus. 

(4) Little information was gained regarding the role played by the 
fungus in the mycorhizal association. However, it was noted that in 
nutrient-free agar (No. 12) inoculated plants were invariably myco- 
rhizal but no heavier than their nonmycorhizal, uninoculated checks; 
while in the partial or complete nutrient media Nos. 2, 3, 4, 5, 8, 10, 
and 11, plants from inoculated cultures gained in weight over corre- 
sponding check plants without developing mycorhiza to any extent. 

(5) In order to enter the roots freely the fungus must be partially 
starved, or the roots must be growing satisfactorily in the medium, 
or both. 

(6) Absence of carbohydrates in the medium favors infection. 

(7) Cranberry roots are so sensitive to the medium in which they 
are growing that caution must be exercised in attributing root or 
plant response to a single factor of the complex plant-medium-fungus 
association. 

Similar changes in root and plant responses are brought about by 
the cranberry fungus in culture media prepared from extracts of plant 
substances. For example, corn-meal agar was detrimental to the 
growth of cranberry seedlings. The plants remained small, leaves 
were yellowish green, and the roots stopped growing abruptly where 
they touched the agar, but produced dense mats of reddish-brown 
branches along the sides of the tubes away from the agar. In the 
inoculated series plants were nearly twice as tall, leaves were larger 
and greener, and root development took place almost entirely within 
the agar. In malt-extract agar roots were incapable of penetrating 
the uninoculated medium and invariably produced jet-black tubercular 
or nodular structures where they touched it. Inoculated plants 
lacked both the blackening and tubercularization, though roots did 
not penetrate into the agar. 

In another series of experiments the ground-cork and sand mixture 
described by McArdle (15, footnote p. 301) was used as a medium 
instead of agar. ‘Test tubes were filled to a depth of 6 cm, a small 
amount of the nutrient solution recommended by McArdle was added, 
and the tubes were autoclaved and inoculated with the cranberry 
fungus on December 1, 1932. By February 4, 1933, mycelium had 
penetrated about 1 cm in the tubes. Single sterile plants, which had 
been planted on standard agar (p. 819) 4 weeks previously as a test 
for sterility, were then transferred to a number of the tubes. Typical 
hyphal complex infection was present in roots when the first examina- 
tion was made on March 14, and before the end of the month most 
of the roots were heavily infected. Root elongation soon ceased, 
and the tips enlarged and turned brown. Most of the tubes had 
dried out when the experiment was concluded April 12. In those 
tubes that were still moist, the roots had penetrated only 1 em and 
lateral roots were short and stubby; but numerous new branches 
were breaking through just behind the arrested tips, some of which, 
not more than 3 mm long, were already mycorhizal. Root growth of 
plants in the uninoculated test tubes was entirely similar, except that 
in no instance was hyphal complex infection present. It was evident 
that in both lots some condition of aeration or chemical composition 
was not entirely favorable to root growth. 
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Root growth comparable in type and extent to that occurring in 
normal cranberry soil (peat) was finally attained, but not under pure- 
culture conditions. On March 3, 1933, ten 2-inch pots were partly 
filled with the cork-sand mixture and sterilized. Then, without at- 
tempting to maintain sterility further, inoculated cork-sand mixture 
from the December 1 cultures was added, and 10 seeds, transferred 
directly from surface-sterilized berries, were planted in each pot. 
Ten similar uninoculated pots were prepared. The two lots were 
placed some distance apart on a bed of coarse cinders on a greenhouse 
bench, sprinkled with tap water, and cared for in the routine manner, 
except that after germination a liberal application of nutrient solu- 
tion (p. 828) was given every tenth day. Seed germinated and grew 
similarly in the two lots. On May 2, 12 inoculated and 6 check 
plants were removed and carefully washed, after which the root 
systems were accurately traced under an enlarging camera. All 
roots of the 18 plants were then examined under the microscope for 
mycorhizal infection. 

Mycorhiza formed in all 12 inoculated plants. Practically all roots 
were infected throughout except near the growing points and occa- 
sionally deep in the pots, the general distribution and abundance of 
mycorhizal cells being very similar to naturally infected roots grow- 
ing in peat. The roots of the check plants were entirely free from 
hyphal complexes, though external hyphae of contaminating fungi 
frequently grew along and around them. A careful comparison of 
the root systems failed to disclose any consistent differences in amount 
or type of branching or extent of development between inoculated 
and check plants. The roots of both lots were bright and clear 
throughout, exhibiting no symptoms of repression such as had de- 
veloped when plants were grown in test tubes. A typical inoculated 
plant is illustrated in plate 6, B, b; an uninoculated plant grown in 
cork-sand mixture in B, a; and, for comparison, an inoculated plant 
grown on distilled water agar in B, c, and a normal peat-grown plant 
of the same age in B, d. 

The final answer to the question whether mycorhiza formation is 
indispensable to the host will not be known until plants have been 
carried to the fruiting stage in an aseptic environment in the presence 
and in the absence of endophytes. This has not been accomplished 
with the cranberry or with any other species of the Ericaceae. It is 
submitted that the evidence presented definitely establishes the 
fungus used in the experiments as the one which produced hyphal 
complexes in roots from which it was isolated. Given the true en- 
dophyte, the next step toward solution of the problem will be to find 
a sterilizable medium in which both roots and fungus will grow nor- 
mally under aseptic conditions. The extreme sensitivity of cranberry 
roots to their environment was conspicuous throughout the experi- 
ments just described. Friesleben (9, 10, 11) has shown that roots of 
numerous other heath plants will not develop normally in heat- 
sterilized peat soils. 


SYNTHESIS EXPERIMENTS WITH THE ENDOPHYTES OF CHAMAE- 
DAPHNE, LEDUM, AND VACCINIUM CANADENSE 


In several of the agar-culture experiments reported above, parallel 
series of cranberry seedlings were inoculated with the endophytes of 
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Chamaedaphne, Ledum, and Vaccinium canadense. It was found that 
the three fungi were capable of entering epidermal root cells almost as 
readily as the cranberry fungus and that they produced similar 
hyphal complex structures, distributed along the roots in a similar 
manner, without appearing to be injuriously parasitic to the plants. 
Except in water agar, striking changes in plant and root growth were 
likewise brought about by inoculating the medium, although the four 
fungi did not always induce similar responses in the same medium. 

Minor differences, correlated in large part with mycelial characteris- 
tics, were discernible in the hyphal complexes. For example, the 
Vaccinium canadense complex was always somewhat dark in gross 
appearance, owing to the color in hyphal walls (pl. 7), and the Chamae- 
daphne (pl. 8) and Ledum (pl. 9) complexes were more hyaline than 
those of the cranberry and V. canadense fungi because of thinner hyphal 
walls. Nevertheless, observed separately, any one of the three would 
readily pass for typical mycorhizal infection (pl. 10). There appears 
to be no reason to doubt that in nature these three fungi, and probably 
others as well, if present in the soil, could enter into mycorhizal union 
with the cranberry. 

Friesleben (9, 10, 11) reported results similar to these in his experi- 
ments, but Rayner and Smith (24, p. 262) found a high degree of 
specificity with Phoma radicis strains. 


CONCERNING PHOMA RADICIS 


Rayner’s hypothesis of mycorhizal relations in the heath family has 
held so conspicuous a place in the literature that her views should be 
given full consideration in discussing the subject. Briefly summed up, 
her hypothesis, with its implications, maintains that: 

(1) The mycorhizal fungus of the heath family is Phoma radicis, a 
fungus which has specific strains closely restricted to the various 
members of the family. 

(2) This Phoma ramifies through the entire plant organism—roots, 
stems, leaves, flowers, fruits, and seeds. In Calluna infection of the 
seed is limited to the coat, while in Vaccinium the mycelium advances 
into the endosperm. 

(3) Heath plants therefore cannot escape being infected in nature. 

(4) In endosperm-infected species it is impossible to secure plants 
free from infection by any of the ordinary methods of seed sterilization 
(21, p. 63; 22, p. 381). 

(5) The mycelium exists in two dissimilar forms in the plant: (a) 
Normal-sized hyphae, easily visible under the microscope, develop 
intracellularly in roots (hyphal complexes) under suitable environ- 
mental conditions; they may arise from the other form of mycelium 
present in the root, but more often they represent new infections from 
the soil. (6b) The hyphae in the systemic form of infection, in roots 
as well as in above-ground organs, are generally so attenuated in size 
that a specialized technique is required to make them visible. They 
form “a continuous network of mycelium in the middle lamellae of 
walls” (20, p. 282) and are “closely associated with the cell walls, 
pass[es] freely in and out of the cells” (21, p. 62). They sometimes 
occur in relatively large strands in intercellular spaces of leaves and 
stems (17, p. 116 et seq.). 
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Synthetic mycorhiza in water-agar culture of cranberry, produced by Vaccinium canadense endophyte: 


A, Distribution of infected cells, X 375; B, detailed structure, < 750. 
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Synthetic mycorhiza in water-agar culture of cranberry, produced by Chamaedaphne endophyte: A, Dis- 


tribution of infected cells, X 375; B, detailed structure, 750 
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(6) Seedlings will not produce roots unless infected with Phoma; 
root formation per se is proof of infection. In this sense the myco- 
rhizal relation is obligate to the host. 

Each of these points will now be examined critically. 

(1) Is Phoma radicis the mycorhizal fungus of all heath plants? In 
the author’s experiments, four fungi, microscopically observed to 
originate from intracellular hyphal complex hyphae in roots of four 
heath species, reproduced the same type of infection when inoculated 
into roots of plants grown under completely controlled conditions. 
The four fungi entered cranberry roots with almost equal facility, and 
the plants were not injured by their presence so far as could be deter- 
mined, i. e., there was no evidence of ordinary parasitism. Cultural 
characters proved conclusively that the four fungi were distinct from 
one another and from Phoma radicis. Christoph (6), Doak (7), and 
Friesleben (9, 10, 11) reported similar results with other ericaceous 
species. If the term “mycorhiza” is to be applied to the hyphal 
complex union of fungus and roots in the heath family, Phoma radicis 
is not the fungus involved in the cases cited, nor is the ability of one 
fungus species to form mycorhiza restricted to a single host species. 

(2) The question of systemic infection by mycorhizal fungi in 
the heaths has been a matter of controversy, as is indicated in the 
review of literature. In the present investigations systemic infec- 
tion in either the check or inoculated plants could not be verified 
despite thorough search in both fresh and fixed material handled as 
nearly as possible according to Rayner’s published methods. Exami- 
nation of a large assortment of prepared slides from healthy stems, 
buds, flowers, and young berries made in connection with a histological 
study of the cranberry false blossom disease also failed to disclose a 
single authentic instance of infection by “fine hyphae.” Christoph 
(6), Knudson (14), and Friesleben (10) were likewise unable to find 
evidence of this type of infection in their material and held that the 
objects which Rayner called mycelium were most probably artifacts 
resulting from fixation or staining; but Rayner (18, 22) maintained 
that the inadequate technique of Christoph and Knudson prevented 
detection of the mycelium. She has not as yet commented on 
Friesleben’s findings. 

Some of the writer’s material was submitted for examination to 
Dr. Ruth M. Addoms, who has conducted investigations on cranberry 
mycorhiza (1, 2), and ‘her report is here quoted in part: 

Following are my notes on your cranberry cultures, which I have examined with 
some care: 

(Al) [Water-agar cultures inoculated with the cranberry fungus].—Roots long 
and red; fungus present externally and in epidermal cells. 

(A2) |Water-agar check for above, not inoculated].—No infection; not red. 

(B1) [Water-agar cultures inoculated with cranberry fungus, younger culture 
than above].—Roots red, much branched, infected. 

(B2, C2, and D2) [Uninoculated cultures on water agar, serving as checks for 
Bl, Ci, and D1).—Roots poorly developed, stems long; no infection. 

(C1) [Water-agar cultures inoculated with Vaccinium canadense fungus].— 
Roots not very long and blackish, heavily infected; fungus much coarser and 
browner than cranberry fungus, with longer cells; some fungus on surface of stem. 

(D1) [Water-agar cultures inoculated with Ledum fungus].—Roots not very 
long; definitely infected. 

As these notes show, I have not found infection in your check plants. Also I 
nave not found the fungus within the cells of the stem, although this part of my 
examination has been less thorough than my study of the roots. 
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Evidence of a different sort, though somewhat indirect, may b 
cited. At different times Rayner has reported isolating Phoma radici: 
from immature fruits as well as from seeds of Calluna; in fact, judging 
from a careful perusal of her publications, her isolations have invariably 
come from above-ground plant parts; but when working with the 
cranberry (2/), to her surprise she failed to find the fungus in seed 
cultures, a result, incidentally, confirmed by the writer (p. 819). The 
United States Department of Agriculture has conducted investigations 
of cranberry diseases continuously for 30 years, in the course of which 
cultures have been made from more than 100,000 individual berries, 
including a considerable number that were sound and immature, as 
reported by Shear (28, 29, 30); Shear, Stevens, and Bain (31); Rudolph 
and Franklin (27); Stevens (33); Stevens and Bain (34, 35, 36); Bain 
(3); and Bergman and Wilcox (5). Phoma radicis has not appeared 
once in all these cultures, a circumstance that appears incredible if 
the fungus is invariably present in the fruit tissues and grows as 
readily on ordinary culture media as Rayner’s publications indicate. 

It appears to the writer that the weight of evidence is distinctly 
against either Phoma radicis or true mycorhizal fungi occurring sys- 
temically in the cranberry. 

(3) Universal infection would be inevitable only in case systemic 
infection were invariable. In the writer’s opinion, heath plants in 
general are mycorhizal because humus-inhabiting fungi of different 
species, capable of entering into the relation, are widely disseminated. 

(4) The assumed impossibility of growing seedlings free from sys- 
temic infection is also based on universal invasion of seeds. However, 
mycorhizal infection, applying the term in its ordinary sense to the 
union of fungus and root (the hyphal complex relation in the case of 
heath plants), is quite another matter, and heath plants may be grown 
entirely free from the fungus or fungi involved, as has been demon- 
strated by the writer and by Stahl (32), Christoph (6), Knudson (13, 
14), and Friesleben (9, 10, 11). 

(5) No proof has yet been advanced that Phoma radicis assumes two 
different forms in different parts of the plant. The intracellular 
hyphal complex structures in roots, which Rayner attributes to Phoma, 
are produced by other fungi in Calluna (6), Vaccinium corymbosum 
and V. pennsylvanicum (7), V. myrtillus, V. vitis-idaea, and V. uligi- 
nosum (10), and V. macrocarpon. 

(6) The hypothesis of obligate relationship in the heaths was 
advanced to explain certain definite results obtained in a series of 
experiments, and its validity depends upon how completely and exclu- 
sively it meets observed conditions in its own and related fields. In 
the experiments on which it was founded (17) plants grown in agar 
cultures from ‘‘adequately”’ sterilized seed of Calluna failed to produce 
roots until inoculated with a fungus derived from the fruit (or seed?) 
of the plant. Examination of the plants disclosed systemic infection 
by extremely attenuated hyphae in the inoculated series but no infec- 
tion in the other lot. The fungus was therefore considered to be the 
stimulative factor bringing about rootformation. Tofurtherstrength- 
en the hypothesis, numerous cases of natural systemic infection in the 
same and related plants have been described subsequently, and in the 
genus Vaccinium (21) a similar series of agar plantings was made. 
Plants from seed sterilized in a manner which would have prevented 
root formation in Calluna here produced roots; but systemic infection 
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Synthetic mycorhiza in water-agar culture of c 
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Natural mycorhiza in cranberry: A, Distribution of infected cells, X 375; B, detailed structure, « 1,250. 
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was also present, the fungus having come from observed mycelium of 
the same type in the endosperm of resting seed. The coincidental 
development of roots with infection in these plants was cited as cor- 
roborative evidence of the obligate relationship. 

Opposing this interpretation, Knudson (13, 14) and Friesleben (9, 
10, 11) attributed root suppression in sterilized media directly to an 
inhibitory factor existing in the substratum. In justification of their 
stand they have shown that if a given lot of sterilized seed is planted 
on two substrates differing in specified chemical or biochemical make- 
up, root growth is suppressed on one medium but not on the other. 
Such results would not be expected according to Rayner’s hypothesis of 
root stimulation, because (1) if the sterilization were severe enough to 
completely eliminate seed-inhabiting fungi, roots should not develop in 
either lot, while (2) if the mycelium were not eliminated, both lots 
should produce roots. In the writer’s opinion, the evidence for the 
cranberry is less convincing in this respect because the rooting capacity 
of the cranberry is too great to permit complete root suppression as 
long as any part of the stem is alive; but the roots are nevertheless 
extremely sensitive to the composition of the substratum. 

The other phase of the obligate hypothesis, namely, actual existence 
of systemic infection, has been discussed above. Until the invariable 
existence of systemic infection is more conclusively demonstrated, and 
until there is more definite proof that root suppression is due solely to 
lack of such infection, the hypothesis of obligate root stimulation by 
fungi in the heath family cannot be considered valid. 


SUMMARY 


Mycorhizal fungi were isolated from “hyphal complex” cells in roots 
of four ericaceous species—Vaccinium macrocarpon, V. canadense, 
Chamaedaphne calyculata, and Ledum groenlandicum—a distinct 
type from each species. 

The four fungi have not fruited in culture and hence could not be 
identified. ‘They were obviously specifically distinct from each other 
and from Phoma radicis. 

All four fungi produced the hyphal complex form of mycorhiza in 
cranberry seedlings grown in sterilized agar. The cranberry fungus 
also produced mycorhiza in cranberry seedlings when the latter were 
grown in an inoculated artificial soil composed of ground cork and 
sand. The hyphal complex form of mycorhiza was completely lacking 
when the plant cultures were not inoculated with the endophytes. 

There was no evidence of injury due to parasitism after the seedlings 
were inoculated with the fungi. 

In agar cultures the cranberry fungus entered into the mycorhizal 
relation much more freely if carbohydrates were withheld from the 
medium. 

Seedlings grown in nutrient-free distilled-water agar derived no 
measurable benefit from the presence of mycorhiza. 

Cranberry roots were extremely sensitive to the composition of the 
substrate. Their growth was more or less suppressed on nearly all 
nutrient agars tried. 

Some nutrient agars were rendered still more toxic to roots when 
the endophytes were introduced into the media; others were made 
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decidedly less toxic. These changes in the media were not correlated 
with mycorhizal infection. 

Systemic infection of the type attributed to Phoma radicis by 
some investigators could not be found either in the seedlings or in 
prepared slides from field-grown material. 

The hypothesis of systemic infection by mycorhizal fungi and of 
its obligate relationship to root formation in the heath family is 
examined critically. It is shown that the hypothesis fails to conform 
to observed facts in some important respects. 
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THE LOSS OF CAROTENE IN HAYS AND ALFALFA MEAL 
DURING STORAGE! 


By Epwarp A. Kang, assistant chemist, HERBERT G. WISEMAN, assistant chemist, 
and C. A. Cary, senior chemist, Division of Nutrition and Physiology, Bureau of 
Dairy Industry, United States Department of Agriculture ? 


INTRODUCTION 


For several years it has been recognized that the amount of carotene 
in plant materials is a measure of their vitamin A potency. This has 
been demonstrated best probably in the case of aifalfa hay (7).° It 
is also known that carotene is frequently deficient in farm rations 
(6, 14, 15, 16). From an economic standpoint, therefore, it is im- 
portant to know the conditions that influence the carotene content 
of farm feeds, especially of such feeds as alfalfa, timothy, and clover 
hays, which frequently furnish very nearly all the carotene in dairy 
rations, and which may, or may not, be rich sources of this factor (20). 

This paper presents the results of experimental work conducted to 
determine the rate of loss of carotene in alfalfa and timothy hays and 
in alfalfa meals during storage under practical conditions at different 
seasons of the year. As the natural green color, which is used as a 
factor in the grading of market hays, is in general a most useful index 
of carotene content (20), the change in color that occurred during 
the storage of some of these hays was noted, and the results are 
included in this paper. 

Considerable work has been done on the oxidative decomposition 
of pure carotene under various conditions. It is unnecessary to 
review this work here except to say that, although a number of oxida- 
tion products with vitamin A activity have been artificially prepared 
from carotene (4, 12, 13), the only naturally formed decomposition 
products that seem to have been tested for biological activity were 
tested in this laboratory and found to be inactive. There has, how- 
ever, been work in other laboratories on the losses of carotene in the 
making and preserving of hays and meals by various methods; a 
review of this work may throw some light on the conditions that 
affect these losses. 


REVIEW OF OTHER INVESTIGATIONS 


Russell, Taylor, and Chichester (19) showed that carotene dis- 
appears rapidly from freshly cut plant materials. They observed a 
loss of 80 percent of the carotene in alfalfa during the first 24 hours 
of drying in the field. Similar losses have been noted by Hauge and 
Aitkenhead (9) and by Guilbert (5) and others when alfalfa was dried 
in the sun. Work with alfalfa, reported by this laboratory (20), 


1 Received for publication May 24, 1937; issued February, 1938. 
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shows that market hays frequently contain only one-tenth to one- 
fifth as much carotene as is ordinarily found in the growing plant. 

A number of investigators have compared various methods of 
treating alfalfa to determine the conditions that affect the destruction 
of carotene. Russell (/8), in his earlier work, found that leaves from 
alfalfa hay that had been quickly dried in a tunnei drier at 127° to 
129° C., had more than seven times the vitamin A potency of leaves 
from a “poorly cured,” “brownish green” hay that had been dried 
by exposure for several days in the field. In later experiments he 
and his coworkers (19) found that in two freshly cut samples of alfalfa 
dried either in a tunnel drier or in a rotary machine in which the 
material was momentarily exposed to a much higher temperature 
(650° to 750° C.), the carotene content per unit of dry matter was as 
great as that of freshly cut material, and 2 to 10 times as great as 
that of samples from the same hay that had been dried in the field. 
The loss of carotene in the field-dried hay was particularly rapid 
during daylight. 

In the work of Hauge and Aitkenhead (9), and in later experiments 
by Hauge (8), it was found that, if freshly cut alfalfa was first auto- 
claved, there was no destruction of carotene when it was dried in the 
sun. Hauge and Aitkenhead also found that the autoclaved material 
did not lose carotene when incubated subsequently; whereas, when 
unautoclaved material was incubated, it lost carotene at a rate which 
increased as the temperature of inc ubation was increased from 4° to 
37° C. They attributed the loss of carotene during the drying of 
alfalfa in sunlight to the action of enzymes the activity of which was 
increased by the higher temperatures produced by the sun’s rays. 

Guilbert (5) also found evidence of the presence of enzymes of this 
nature in alfalfa, but his results differ in several respects from those of 
Hauge and Aitkenhead. His analytical procedure, although it dif- 
fered somewhat from theirs, would be expected to give similar results. 
Guilbert found that samples of alfalfa leaves that had been artificially 
dried by methods that should have destroyed any enzymes present, 
still lost carotene at a rapid rate when exposed to sunlight, and lost a 
considerable quantity even when standing in the dark. Alfalfa léaves 
that had been dried in vacuo at 100° C. lost 6.8 percent of their caro- 
tene when allowed to stand in the dark for 12 hours at 65°; and other 
leaves, similarly dried, lost nearly 10 times this amount when exposed 
to sunlight for the same length of time at the same temperature. 
Autoclaved samples of alfalfa lost 26.5 to 53.8 percent of their caro- 
tene when subsequently dried in sunlight, whereas unautoclaved 
samples that were directly dried in sunlight lost 46.6 to 69.5 percent. 

In work with alfalfa meals, Guilbert also reports an artificially 
dehydrated sample which lost 83.3 percent of its carotene when ex- 
posed to sunlight for 40 hours. He compares the keeping qualities 
of the carotene in meals made from sun-dried and artificially-dried 
samples from each of three lots of alfalfa. In one lot the method of 
drying had no effect; in the other two, the losses of carotene were 50 
percent greater in the artificially dried samples. The losses of caro- 
tene in these meals varied with the temperature at which they were 
stored. In a meal stored at 0° to 5° C., no loss was detectable in 
8 weeks; in one stored at 20° to 30° about 30 percent was lost in that 
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time. Guilbert also determined the loss of carotene with three sun- 
dried samples of hay that were stored in the dark. They lost 9 per- 
cent of their carotene from November to April, and 30 percent from 
April to August. 

The results recorded in the present paper have been presented in 
part before various groups, and abstracts of these reports have been 
published (1/0, 20, 24). In connection with various feeding experi- 
ments in this laboratory, a considerable number of market hays have 
been analyzed for carotene. Whenever in a lot, or purchase, of hay a 
bale has been found in which the hay showed evidence of fermenta- 
tion such as a ‘“‘caked” or “‘set’”’ condition, or a “ground,” ‘“‘tobacco,”’ 
or “‘sweated” odor, the carotene content has been decidedly lower 
than in bales in which this condition did not exist (20). As is well 
known, this spoilage, which is the result of bacterial action, is due to 
excessive moisture in the hay during storage. Woodward has studied 
this problem (25). 

The fineness to which a hay is ground may also affect the rate of 
loss of carotene both in the preparation of meals and during subse- 
quent storage. In grinding hays to a fine powder in a ball mill, a 
considerable part (average about 25 percent) of the carotene is lost, 
and the powdered material loses carotene very rapidly during subse- 
quent storage (23). This does not occur, however, when the hays 
are ground in a Wiley mill equipped with a sieve with holes 0.5 mm 
in diameter. 

Krom the foregoing statements it is evident that the destruction of 
carotene may proceed in hays in which all enzymes presumably have 
been destroyed. Loss of carotene occurs even when these hays are 
in the dark, and is accelerated greatly by exposure to sunlight, by an 
increase in the temperature at which they are allowed to stand, and 
by conditions favoring bacterial action in the hay. In considering 
the factors that influence the rate of destruction of carotene in hays, it 
must be borne in mind that pure carotene itself is oxidized on standing 
in air (22), that the process is much more rapid in sunlight, at higher 
temperatures, and generally when impurities are present (2, 3). 
Evidence exists that the destruction of carotene in such preparations 
may be autocatalytic (22), or may be influenced by a number of 
catalysts (3) and anticatalysts or antioxidants (1, 3,21). The process 
in hays, therefore, would be expected to be quite complicated and 
possibly quite variable. 


EXPERIMENTS IN STORAGE OF HAYS 


The hays used in this experiment were stored in bales in a dark, 
unheated barn loft at Beltsville, Md., and analyzed from time to time 
for carotene according to the usual procedure in this laboratory (17, 
pp. 461-462). The maximum and minimum outside daily temper- 
atures were read and their average was taken as the “‘mean daily 
temperature.” These mean daily temperatures were averaged to ob- 
tain the mean temperature for the periods of storage. The rate of 
loss of carotene in percentage per month was calculated by means 
of the equation A(100—z)m=B, in which z represents the rate, A 
and B are the initial and final carotene figures, respectively, for the 
period of storage, and m is the length of the period in months. 
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LOSS OF CAROTENE DURING STORAGE AT VARIOUS TEMPERATURES 


ALFALFA Hay 


The results of the experiment with alfalfa hay are shown in table 1, 
in which the percentage rates of loss of carotene per month are 
arranged in three groups according to the mean temperature during 
the period of storage. These three groups include samples stored at 
the following mean temperatures: (A) At 7.2° C. or less, (B) at 7.2°- 
to 18.9°, and (C) at above 18.9°. Group A represents the tempera- 
tures that prevail at Beltsville, Md., during December, January, 
February, and frequently in March and November; group C the 
temperatures during June, July, August, and to a considerable 
extent in September; and group B the usual temperatures during the 
fall and spring months. 


TaBLeE 1.—Carotene content of alfalfa hays at different times during storage, per- 
centage loss of carotene per month, and effect of temperature on this loss 


| | 
} = | Loss of carotene per month 
? aie! at temperatures indicated ? 
Samples of hay ! (laboratory | Date of | ¢ aurotene |, eal aticitiedian 
designation) | analysis | content | aye eenee 
\Preceding| 4 7 2°¢.| B, 7.2°+ | C, above 
| analysis |“ OF jess jtois.orc.| 18.9" © 
| 
o 
Milli- | | 
grams per 
Alfalfa hay, U.+ kilogram . . | Percent Percent Percent 
|(Mar. 25, 1933 | 37.1 ‘ 
May 19, 1933 34.5 2. 3 3.9 
Lot 50, bale | ;June 8, 1933 31.4 ¢ an 13 
[July 21, 1933 .§ 20. 6 20 
Aug. 19, 1933 i. 24. : 29 
Nov. 16, 1933 y 
July 25, 1934 
Nov. 19, 1934 
Apr. 8, 1935 
June 18, 1935 
Aug. 29, 1935 
Jan. 4, 1934 | 
Feb. 14, 1934 
July 26, 1934 
Nov. 19, 1934 | 
Apr. 6, 1935 
June 15, 1935 
Jan. 20, 1934 | 
July , 1934 
Lot 57, bales 111, 112 » Nov. , 1934 
Apr. 5 
June > 
Mar. 2% 
[ruty 
Nov. 20, 
| Mar. 2 
June 12. 
Aug. 27, 
Jan. 24, 
Lot 59, bales 1, 2 Mar. 29, 
June 22, 
Aug. 30, 
3 


T-barn, bales 101, 102 


C-barn, bale 110 





Lot 58, bales 117, 118 


18, ‘a 
Lot 59, bale 3 . 29, 1935 | 27. 3. § ¢ 

13, 1935 25. { 13. ¢ & 2.5 
. 30, 1935 | 23.3 |. sdadalnl y -| 10.5 

! Hays graded by representatives of the Division of Hay, Feed, and Seed, Bureau of Agricultural Eco- 
nomics. Each “‘lot’’ of hay is a separate purchase. 

? Data are arranged in 3 groups according to the temperature ranges indicated and depending upon the 
mean temperature at which the sample was stored during the period since the preceding analysis 
Average temperature for 1933-35 at Beltsville, Md.: For winter months (December, January, February), 
0.9° C.; for cool fall and spring months, 8.3°; for warm fall and spring months, 12.2°; and for summer 
months (June, July, August), 22.4°. 

3 1 bale during this period was stored in the attic of the laboratory. This attic was unheated, but prob- 
ably was warmer than the barn loft during the winter. 

‘1 of triplicate determinations omitted; probably some destruction of carotene in it. 
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TasLeE 1.—Carotene content of alfalfa hays at different times during storage, per- 
centage loss ind carotene per month, and effect of temperature on this loss—Continued 








| 


Loss of carotene per month 
Mear | at temperatures indicated 


Samples of hay (laboratory Date of | Carotene It liipainets 
Foon ’ 3 | ure since ] 
designation) analysis content |preceding | ATC | 
ae | analysis | 
| 





| |B, 7.2°+ | C, above 
or less |to18.9°C.| 18.9° C. 


Milli- 
| grams per | 
Alfalfa hay, U.S. No. 1—Continued. | | Kilogram 
Nov. 5, 1934 K 
Feb. 13, 1935 

Lot 64, 10 bales 5______- Apr. 15, 1935 
June 21, 1935 
Sept. 9, 1935 | 
\(Jan. 14, 1935 | 
ie 30, 1935 


--|)June 21, 1935 
| 


wow woom 


H. O., bale 1 


Aug. 30, 1935 | 
Jan. 15, 1935 | 
ake Bi Mar. 30, 1935 | 

H. O., bale la June 21.1935 
\(Aug. 29, 1935 


on 


te 
ome 


Alfalfa hay, U. 8. No. 2 

ili i fJan. 31, 1935 

H. O., bale 2 --lVApr. 5, 1935 
aie \fJan. 31, 1935 | 

H. O., bale 2a \\ Mar. 30, 1935 

\(Feb. 2, 1934 

- _ P \}July 26, 1934 

Lot M4, bales 114, 115 | Now. 20, 1934 
Apr. 16, 1935 | 


on 


be 


Alfalfa hay, U.S. No.3 
. 4 fAug. 28, 1934 

Lat 61, bales 1, 2 \Apr. 19, 1935 

ie {Sept. 26, 1934 

Lot 61, bale 3. \Apr. 5, 1935 


Average 17.8 


1 bale during this period was stored in the attic of the laboratory. This attic was unheated, but prob 
ably was warmer than the barn loft during the winter. 
Same 10 bales used throughout except on Nov. 5, 1934. 


It will be noted that the rate of loss of carotene during storage varied 
greatly with the different hays in each group shown in table 1, and 
that the average percentage loss per month with each group varied 
with the temperature at which the hays were stored. The rate of 
change in carotene content per month with the hays in group A varied 
from an increase of 1 percent to a loss of 6.8 percent; in group B, the 
loss varied from 2.5 to 11.2 percent; and in group C, from 10.5 to 29.8 
percent. The average losses of carotene per month in these hays were, 
respectively, for group A, 2.6 percent; for group B, 6.6 percent; and 
for group C, 17.8 percent. Of the hays in group C, the average rate 
of loss of carotene for those that were stored the first summer after 
cutting was 21.1 percent per month, and that for the few samples 
(T-barn, bales 101 and 102; lot 59, bales 1 and 2; lot 59, bale 3) in 
storage the second summer after cutting was 11.2 percent per month. 

These data for the loss of carotene during the storage of hays in 
the summer months indicate that the rate of loss of carotene under 
conditions otherwise comparable may possibly decrease with the age 
of the hay; but the errors and variations in determining such data are 
too great to permit a clear demonstration of this fact. A loss of 
carotene of 17.4 percent between November 16 and November 30, 
1933, was observed with the hay marked T-barn, bales 101 and 102. 
This suggests that carotene may be lost at a very rapid rate in sun- 








842 Journal of Agricultural Research Vol. 55, no. 1 


cured hays for some time after they are dried and baled. In none of 
the bales used in this experiment was there any evidence of fermenta- 
tion or spoilage. The differences in the rate of loss of carotene with 
different hays at the same average temperature may actually be due 
in part to differences in the keeping qualities of the hays, but it must 
be borne in mind that the figures are derived from differences in 
determinations that are themselves subject to considerable error, 
and that samples stored at a given average temperature actually were 
exposed at times to quite different conditions. 


Trmotuy Hay 


The data obtained on the loss of carotene in timothy hay during 
storage are shown in table 2. It will be noted that the rate of de- 
composition of carotene during the storage of-timothy hay is about 
the same as with alfalfa, and is similarly affected by variations in 
temperature. In 11 lots of timothy hay stored at temperatures be- 
tween 6.0°+- and 18° C. the average loss of carotene was 6.3 percent 
per month; in 24 samples of alfalfa hay similarly stored the loss was 
6.6 percent per month. 


TABLE 2.—Carolene content of timothy hays at different times during storage, per- 
centage loss of carotene per month, and effect of temperature on this loss 


Loss of carotene per 
Mean tem month at tempera 
Carotene | Perature tures ? indicated 4 
content “nee 
preceding 
analysis 


Samples of hay (laboratory designation) and date of 
analysis ! 
7.2° C, or * 


+ to 
less 1 y 


2 
78° 
Milligrams 
| per 
Lot 43, bales 107, 108 kilogram Percent Percent 
Mar. 1, 1934 19.9 
July 16, 1934 13. § 
Lot 44, bales 1, 2 
Aug. 28, 1934 9.‘ 
Jan. 3, 1935_. 6. 
May 1, 1935 ‘ 
Lot 44, bales 115, 116 
June 4, 1934 
Feb. 14, 1935 
May 2, 1935 
Lot 46, bales, 1, 2, 3, 4, 5 
Dec. 11, 1934 
May 11, 1935 
Dec. 2, 1935 
Lot 46, bale 6: 
Dec. 11, 1934 
Jan. 25, 1935 
Apr. 25, 1935 
Dee. 2, 1935 
Lot 48, bales, 1, 2, 3, 4, 5 
Jan. 18, 1935_. 
Apr. 18, 1935 
Dec. 4, 1935 
Lot 48, bale 6 
Jan. 17, 1935 
Apr. 18, 1935 
Dec. 5, 1935 
Lot 39, bales 101, 102 
Jan. 6, 1934 
July 16, 1934 
Lot 42, bales 104, 105 
Jan. 6, 1934 
July 5, 1934 


Average 


Each lot of hay is a separate purchase 
? Average temperature for 1933-35 at Beltsville, Md.: For winter months (December, January, February) 
0.9° C.,; for cool fall and spring months, 8.3°; for warm fall and spring months, 12.2°; and for summer months 
June, July, August), 22.4°. 
* Results arranged in 2 groups according to mean temperature during periods between analyses. 
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CLoverR Hay 


One lot of clover hay was included in the experiment. On June 24, 
1934, it contained 16.8 mg of carotene per kilogram of dry matter. 
On January 2, 1935, and April 15, 1935, the carotene determinations 
each gave 8.8 mg per kilogram. The average temperature for the 
total period of storage was 11.1° C., and the average percentage loss 
of carotene per month was 6.3 percent. Jn six lots of alfalfa that 
were stored at temperatures ranging from 9.4° to 12.8° C., the average 
loss of carotene per month was 6.6 percent. 


RELATION OF GREEN COLOR IN HAY TO CAROTENE CONTENT 


The writers have compared the decrease in green color during 
storage, as determined by hay specialists of the Bureau of Agricultural 
Economics, with the loss of carotene during the storage of several lots 
of alfalfa hay. In one lot there was a decrease in green color from 71 
percent to 56 percent—a loss of 21 percent of the natural color orig- 
inally present. The corresponding loss in carotene content was from 
32 to 13 mg per kilogram, or nearly 60 percent. With another hay 
a decrease in color from 69 to 54 percent—a loss of 22 percent—was 
accompanied by a drop in the carotene content from 38 to 14 mg per 
kilogram, or somewhat over 60 percent. A third lot of hay, which 
changed from 55 percent color to 44 percent—a loss of 20 percent— 
lost 70 percent of its carotene content. Apparently the percentage 
loss of carotene is much greater than the corresponding percentage 
loss of natural green color— about three times as great with the samples 
just cited. 


EXPERIMENT IN STORAGE;OF MEALS 


For the study of the loss of carotene during the storage of meals 
made from alfalfa hay, several bales were taken from each of four 
lots, or purchases, of hay. The bales selected from each lot were 
similar in color and leafiness. One bale from each lot was graded by 
hay specialists of the Bureau of Agricultural Economics, and different 
portions of it were ground by them in a hammer mill to different 
degrees of fineness, so that the particles passed through \-, \%-, or 
4-inch circular mesh screens during grinding. 

The color and the carotene content of these meals were then deter- 
mined, and the determinations were repeated from time to time during 
storage from about April 1, 1934, to October 1, 1935. Samples of 
the meals were stored in individual bags in a dark, unheated part of 
a building in Washington, D. C. This place was somewhat more 
sheltered from the effect of outdoor weather changes than the barn 
loft referred to above. The other bales from each lot of hay were 
stored in this loft and analyzed from time to time. The outdoor 
temperatures were read at Beltsville (near Washington, D. C.); and 
the average temperatures for the periods of storage of the meals and 
the rates of loss of carotene during storage were calculated in the 
same manner as for the hay experiment. 


DETERMINATIONS OF CAROTENE CONTENT AND COLOR 


The results of the analyses for the carotene content of the meals, 
as determined from time to time during storage, are given in table 3. 
41931—38——4 
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Losses of carotene and green color during the storage of meals made fromm 
alfalfa hay 
scehidelnamcicitasel cat -- ee ee ——-~ 
Carotene content 


Meal 
prepared | 
from | 
bale 
no.— 


| Apr. 
Dec. 
) May 
Oct. 
Apr. 

Nov. 

’ | May 


| (Sept. 
| (Mar. 


|| Apr. 
|} Nov. 


Nov. 


|| May 
Oct. 


Date of 
analysis 


| | 
| Milli- | 


Meal ground to 


4. 
inch 


mesh | 


pass— 
| \%- 


| inch 
mesh 


Milli- 


| grams | grams 


23, 1934 | 


15, 1934 
21, 1935 
14, 1935 
25, 1934 
30, 1934 
22, 1935 
4, 1935 
28 and 


| 


9, 1934 | 


24 and 
30, 1934 


21, 1935 | 
12, 1935 | 


| (Mar. : 


|} Nov. 27. 
| June 
Sept. 


5, 1935 


per 
kilo- 
gram 
12. 
8. : 
6. 
5. 
43. 


¢ 


20. 


14.3 | 


per 
kilo- 
gram 
13.5 
8.8 
7.8 
5. 
39. 3 
25. 
19. 
14. 
42. 





| Aver- 


yj. | mee 
inch | 


mesh 


| 
Milli- | Milli- 
grams | grams 
per per 
kilo- 


kilo- 
gram | gram 
12. 


5 
5 
4 
5.0 
pa 
8 

3 

6 
3 








Retention of natural green color | 


Date 


observed 


Apr. 


Nov. 


| Apr. 
| Oct. 
Apr. 


Nov. 4 


Apr. 
Oct. 


Apr. 


Nov. 3 


Apr. 


Oct. 


Apr. 


Nov. 20, 


Apr. 
Oct. 


2, 1935 


Meal ground to 


\%- 
inch 


| Green 
color 
pass— | | of the 
: Aver- |hay os 
| |», | age |APr.7, 
Y- | %- | | ee 
| inch | inch | 


mesh | mesh | mesh | 


45 
53 
42 
39 
39 


| 
| 





1 The percentage of epee green color in the pom is not comparable with that in the meals. 
? Determined May 13 
3 Determined Apr. 9 and Apr. 16. 
‘ Determined Sept. 4 


Table 4 shows the total percentage loss of carotene for the whole 
period of storage for each sample of meal. 


TABLE 4. 


Meal prepared from hay bale no 


Average 


In table 5 


shown in table 3 along with the data for carotene content. 


Loss of carotene in meal 


| 

| 
44-inch 
mesh 


| Percent 
60.9 
67.4 
69.0 
58.8 


64.0 





\4-inch 
mesh 


Percent 
63.0 
62.2 
67.7 
62.8 


ground to pass— 


mesh 


60. 
66. 





%-inch 


| Percent 
0 


Total percentage loss of carotene and green color in alfalfa meals during 


period of storage (about am 1, 1934, to Oct. 1, net 


Loss of green color in mea!s 


ly 


69.3 | 


¥g-inch | 


| Percent | Percent 
21.2 | 


ground to pass 


44-inch 
mesh | 


34-inch 


mesh mesh 


Percent 
b 2 33.3 
a 2 56.0 
24.1 26. 4 

5 24.5 


the rates of loss of carotene in the meals and those in the 
corresponding samples of baled hay are compared for different out- 
door temperatures. 

The percentage of natural green color retained in the meals is 


The total 


percentage loss of green color as compared with that of carotene is 
shown in table 4. 
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TABLE 5.—Comparison of the rates of loss of carotene in alfalfa meals and corre- 
sponding baled hays, stored at different average temperatures 


Loss of carotene in corresponding 
hays stored in bales 


} Loss of carotene in the meals! 
| 
| 


| 
Meal prepared | Aver- | Aver- | | Aver- | Aver- 
from bale no.— __jage out- jage out-| age out- - age out- 
| door Per | door | Per door Per | Per door Per 
| tem- | month| tem- | month| tem- | month month | tem- | month 
| pera- | pera- | pera- | | pera- 
ture | ture ture ture 


| Percent | °C. | Percent 
|. eee ‘ be 5.7 | 20. 6 
_ —_ eaanaeie 5.6 ; 6.3 22. 2 
, , ene 5. 2. » 7.6) 20.6) 
Ra z 3. 2] 46) 228 








Average......| 6. 8| 172| 60) 26] 84] 39 8] 15. 6. 
| | | 


‘Each datum under percent per month is the average for all grindings from each bale for the tempera- 
ture indicated. 
? With this hay there was an apparent gain of 1 percent per month instead of a loss during storage. 


From the data in tables 3, 4, and 5, the following conclusions 
appear justified: 

(1) The rate of loss of carotene in the meals was not affected by 
the fineness to which they were ground. For the total period of 
storage, the meals ground to pass \-, 4-, and %-inch meshes lost on an 
average 64.0, 63.9, and 65.6 percent, respectively. 

(2) The percentage loss of color in the meals was unquestionably 
much smaller than that of carotene. The changes in color, however 
(table 4), are quite confusing. True, the meals faded during storage, 
and on an average the loss of green color was greater in the more 
coarsely ground meals, but the individual results are inconsistent. 

(3) When due allowance is made for the errors in the data, it is 
evident that the rate of loss of carotene in the meals during storage 
was quite similar to that in the corresponding hays, and that in both 
cases these losses were similarly affected by the temperature at 
which the samples were stored. 

In considering the loss of carotene in the meals, the question 
arises as to the loss that may have occurred during the grinding of the 
meals. A comparison of the results for the hays with those for the 
meals would have no bearing on this question because in making 
the determination for carotene, all hays and meals were finally ground 
to the same degree of fineness. The finest meals, however, were 
about six times as coarse as the material used for analysis, which was 
ground to pass through the finest mesh screen of the Wiley mill. Un- 
published data indicate that grinding in this way does not destroy 
the carotene. It would seem, therefore, that the grinding of the 
meals stored in this experiment may likewise have been accomplished 
without a considerable loss of carotene. 


SUMMARY 


Data on the rate of loss of carotene and of color in hays and alfalfa 
meals during storage are presented. 

It appears that on an average the rates of loss of carotene in alfalfa, 
timothy, and clover hays under comparable conditions are quite simi- 
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lar. Therefore, the results for the different hays, taken together, 
may be summarized as follows: 

Twenty-two samples of baled hays that were stored in a rathei 
dark, unheated barn loft when the outside temperature was 7.2° C 
or less (as is the case in December, January, February, and fre- 
quently in March and November, at Beltsville, Md., lost on an 
average about 3 percent of their carotene content per month. 

With 34 samples of hay, which were similarly stored when the 
average outdoor temperatures ranged from 7.2°+ to 18.9° C. (as in 
April, May, October, and possibly September, at Beltsville), the aver- 
age loss of carotene was 6.5 percent per month. 

At outside temperatures above 18.9° C., the loss of carotene dur- 
ing storage increased greatly. For six samples of hay that were 
stored during the first summer after cutting, the loss was 21 percent 
per month, and for three samples stored further for a second sum- 
mer, it was about 11 percent per month. 

Meals from alfalfa ground to pass \-, %-, and %-inch mesh screens 
lost carotene at the same rate during storage regardless of the degree 
of fineness to which they were ground, and at practically the same 
rate as the corresponding baled samples of hay. 

With hays and meals, stored as above described, the percentage 
rate of loss of carotene was much more rapid than that of their natu- 
ral green color. This fact must be taken into consideration in judg- 
ing the carotene content or vitamin A potency of a hay from its color. 
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A STATISTICAL STUDY OF SAMPLING IN FIELD SUR- 
VEYS OF THE FALL POPULATION OF THE EUROPEAN 
CORN BORER’ 


By M. T. Meyers, agent, and L. H. Patcu, associate entomologist, Division of 
Cereal and Forage Insect Investigations, Bureau of Entomology and Plant 
Quarantine, United States Department of Agriculture ? 


INTRODUCTION 


Surveys of insect abundance constitute an important part of the 
activities of economic entomologists. Such surveys not only provide 
fundamental information about insect pests on which control activities 
may be based but also may be used in studying the ecological relation- 
ships of these pests under actual field conditions and may thus con- 
tribute to the development and improvement of control methods. 
Obviously the methods used in the surveys of different insects and for 
different purposes differ from one another, depending as they do on 
the biology of the insect species and the objectives of the surveys. 

The qualitative biological aspects of insect surveys are usually 
given adequate consideration, but the quantitative aspects of the 
sampling variability of all units of area-wide surveys have seldom, 
if ever, been analyzed under actual field conditions. For the analysis 
of the quantitative aspects of the sampling variability of such area- 
wide surveys of insect populations, the methods of analysis of the 
variance developed and introduced by Fisher (4)* are perfectly 
adapted. In the present paper these methods are applied to a study 
of sampling variability in the fall survey of the number of larvae per 
100 cornstalks in the area infested by the one-generation brood of the 
European corn borer (Pyrausta nubilalis Hbn.) 


SURVEY METHODS AND DATA 


Beginning with the year 1919, surveys to ascertain the abundance 
of the mature European corn borer larvae in the standing cornstalks 
in the one-generation area have been made each year by the Bureau 
of asoueiasy and Plant Quarantine, in cooperation with various 
State agencies. The data used in the present analysis cover 66 county 
units, part of which were surveyed in 1931 and part in 1932. For 
certain counties the data for both years, as separate units, were used, 
but the sets for the 2 years are not duplicates, some counties appearing 
1 year but not the other. For both years counties located in Michigan, 
Ohio, Pennsylvania, and New York were included and the whole 
treated as one set of data. The detailed records are on file at the 
office of the United States Department of Agriculture laboratory for 
European corn borer research, Toledo, Ohio. 

! Received for publication Mar. 15, 1937; issued February, 1937. 
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As the infestation of feeding larvae in the one-generation area is 
confined entirely to the cornfields and almost entirely to the corn 
plants in the fields, the cornfield has constituted the basic unit of the 
surveys, and data were taken only with regard to the infestation in the 
corn plants. 

The intensity of infestation was expressed as the number of borers 
per 100 plants and was estimated by determining the number of 
infested stalks out of 100 and the number of borers per infested stalk. 
The field was divided into quarters and from the approximate center 
of each quarter 25 consecutive plants were gathered. From the 
total number of infested stalks in the 25 stalk samples the average 
percentage of infested plants in the field or the number of infested 
plants per 100 was obtained. ‘Then the infested stalks were examined 
in order to determine the average number of borers per stalk. In 
areas where the level of infestation in general was low, all the infested 
plants up to a maximum of 5 from the 100 plants were dissected 
In areas where the level of infestation was higher, a maximum of 10 
plants, if available, were dissected. The product of the number of 
infested plants in 100 and the average number of borers per infested 
plant gave the estimate of the number of borers per 100 plants in the 
field. 

In conducting the surveys, a single county was almost invariably 
taken as the unit for which the sampling was carried out and the mean 
level of infestation reported. In general, the counties surveyed were 
fairly uniform in size and served very satisfactorily as basic areas for 
the analysis of the sampling variance. In the counties in which the 
infestation was expected to be relatively low, 25 fields were sampled, 
and in counties where the infestation was expected to be relatively 
higher, 20 fields were sampled. The fields were taken at random 
over the county and later combined into four groups, termed “sec- 
tions”, each group containing the same number of fields.* 

The two main objectives kept in mind in the analysis of the data 
presented in this paper were (1) to determine the relative influence, 
on the reliability of the estimates of the field mean number of borers 
per 100 plants, of the variability (a) of the samples, taken in each field, 
from which the average percentage of infested stalks was computed 
and (b) of the samples from which the average number of borers per 
infested stalk was computed, and (2) to determine the amount of 
variability between fields within a county relevant to the reliability 
of the estimate of the county mean number of borers per 100 plants, 
and to compare it with the variability of samples within fields. 


ANALYSIS OF THE SAMPLING VARIABILITY OF THE ESTIMATES 
OF THE FIELD MEANS 


VARIANCE OF A PRODUCT DERIVED FROM THE VARIANCE OF THE FACTORS 


As described, the sampling within fields was carried out by making 
two estimates in each field, one to determine the number of infested 
stalks per 100 and the other to determine the number of borers per 
infested stalk, the product of the two determinations giving an esti- 
mate of the average number of borers per 100 stalks. The chief 
problem in the analysis of the sampling within a field is, therefore, to 
assign to each factor the portion of the total sampling variability of the 


a Where 25 fields were sampled, the thirteenth field was arbitrarily discarded. 
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estimate of the field mean which would be influenced by increasing or 
decreasing the number of samples in each set independently, and to 
express these portions in comparable terms. 

This problem of analysis may be approached by the use of certain 
equations whereby the mean product, the variability of this product, 
and the variability of each factor of the product may be estimated. 
The mean product in terms of the constants of the factors may be 
estimated by the equation 


X= pb Equation 1 


in which X is the estimated mean number of borers per 100 plants, 
» is the mean percentage of infestation, or the number of infested 
! a ’ 
stalks per 100 stalks, and 6 is the mean number of borers per infested 
plant. 

The variance of the product, also in terms of the constants of the 
factors, may be estimated by the equation 


o e 
7: (2;-)+3 0 57-) p “equation 2 
n'y 


in which p is the percentage of infested stalks out of the 25 stalk 
samples, 6 is the number of borers in an infested stalk, n’, and n’, 
are, respectively, the number of infestation samples and the number 
of plants dissected, o, and o» are the standard deviations of the two 
factors, and oa,” and o,” are the corresponding variances. 

The variance of the percentage of infested stalks out of the 25 
stalk samples may be estimated by the equation 


is ar 
2__ ns Equation 3 
a 
Ny 
in which n, is the number of degrees of freedom available for esti- 
mating o,”, or n’,—1. 
The variance of the number of borers in an infested plant may be 
estimated by the equation 
(2b)? 


‘ nN’ » Equation 4 
op, = 

Np 

in which n, is the number of degrees of freedom available for estimat- 
ing o,”, or n’,—1. 


A CoMPARISON OF THE VARIANCES OF A PRopucT OBTAINED BY Two METHODS 


The variance of the field mean number of borers per 100 plants is 
underestimated when equation 2 is used, if a correlation exists between 
the number of infested stalks in the 25 stalk samples and the mean 
number of borers per infested plant in the corresponding quarters of 
the fields. Owing to the way the data were recorded in the fields, 
the correlation within fields could not be calculated for the years 1931 
and 1932 when the data for this paper were obtained. But from 
data obtained in 1935 from 100 fields in Lenawee County, Mich., 
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and the counties of Fulton, Hancock, Henry, Lucas, Ottawa, Putnam, 
and Sandusky, Ohio, the fact of a correlation between the two factors 
within fields was established and the effect this had on the standard 
error of the field mean number of borers per 100 plants was determined. 

To show the existence of a correlation between the two factors just. 
referred to, the number of infested plants out of 25 and the mean 
number of borers per infested plant were tabulated for the quarter of 
each of the 100 fields having the largest number of infested plants 
Then the mean of the 100 samples was calculated for each factor. 
Similarly the data were tabulated and averaged separately for each of 
the other three quarters of each field. (The mean numbers of infested 
plants out of 25 were 13.09, 10.53, 8.69, and 6.02 for the four quarters, 
while the mean numbers of borers per infested plant were, respec- 
tively, 1.75, 1.68, 1.55, and 1.39 for the same quarters. These data 
show that a decrease in the mean number of borers per infested plant 
is associated with a decrease in the number of infested plants. 

The effect of this correlation on the standard error of the field mean 
number of borers per 100 plants was determined by completing two 
sets of calculations for each of the fields and comparing the mean 
results for groups of fields in the following manner: The first set of 
calculations was made to determine the mean number of borers per 
100 plants for each field by equation 1 and to estimate the variance 
of the mean by equation 2. For the second set of calculations the 
product for each quarter of the field was obtained by multiplying the 
number of infested plants out of 25 by the mean number of borers per 
infested plant (2 or 3 plants were dissected in each quarter) and 
multiplying the result by 4 to obtain the mean number of borers per 
100 plants for each quarter. The mean number of borers per 100 
plants for each field was then obtained by averaging the results for 
the quarters of the fields. The variance of this general mean was 
estimated by computing the squared deviations of the product for 
each quarter from the mean product for the field and dividing by 4. 
The fields were then arranged in 5 groups, each of 20 fields, according 
to the field mean number of borers per 100 plants obtained from the 
first set of calculations. The group mean numbers of borers per 100 
plants and the group mean standard errors are given in table 1 for 
each of the two methods of calculation. 


TABLE 1.—Range of estimates of the field mean number of European corn borers per 
100 plants and the group mean standard errors derived by two methods of calcu- 
lation, from 100 fields in northwestern Ohio and southeastern Michigan, 1935 

















First method 1] Second method 

Standard Standard 

Mean error ] Mean error 
Number Number Number Number 

15.1 | 5. 1| 15.7 5. 63 

325 | 965 || 332 10. 41 

60.0 | 18. 09 | 61.5 18. 03 

81.1 | 24.36 84.1 25.04 

151.2 41.21 | 156.9 43. 21 

| | 
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It may be observed from table 1 that both the field mean number of 
borers per 100 plants of the groups of fields and the mean standard 
error are slightly underestimated by using equations 1 and 2, The 
average of the five groups shows that the standard error is under- 
estimated about 3.7 percent. It appears, therefore, that on the 
average the standard error of the field mean number of borers per 100 
plants may be estimated rather closely by using equations 1 and 2. 
On the basis of this comparison the validity of the results from the 
study described in this paper is assured if the 100 fields surveyed in 
1935 may be taken as representative of the conditions existing in 
fields in general. 

In order to assign to each of the two sets of samples taken in each 
field of the 1931 and 1932 surveys—one set to determine the number 
of infested stalks per 100 and the other to determine the number of 
borers per infested stalk—the portion of the total sampling variability 
of the estimates of the field mean numbers of borers per 100 plants 
which would be influenced by increasing or decreasing the number of 
samples in each set independently and to express these portions in 
comparable terms, the use of equations 1 and 2 is necessary. But 
these equations are incomplete because they make no allowance for 
any correlation which might exist between the two sets of samples. 
The complete form of the equations has been given by Reed (7). 

The complete form of equation 1, adapted from Reed, is obtained 
by adding the term ro,c, to the right-hand side of equation 1, and the 


complete form of equation 2 is obtained by adding the term 2rpbo;o; 
to the right-hand side of equation 2, in which r is the coefficient of 
correlation between the percentage of infestation and mean number 
of borers per infested plant in the quarters of the field and o; and o; 
are the standard errors of the means of the two factors. It should 
be noted that in the complete form of the equations as applied to this 
problem there would be only four observations for both p and 6b. 
Therefore n’,=—n’,=4. The use of the complete form of equation 2 
gives an estimate of the variance of the mean of the products from the 
quarters of the field. 


SAMPLING VARIABILITY WITHIN 20 FIELDS IN WOOD COUNTY, OHIO 


Table 2 gives the results of the calculations for each field of the 
1932 survey of Wood County, Ohio, and serves to illustrate the 
process carried out for each field in the other counties of the 1931 
and 1932 surveys. As an intermediate step in making the substitu- 
tions in equation 2, column 9, a, of table 2 gives the value of the 
term of equation 2 for n’,=1, column 9, b, gives the value of the term 
for n’,=1, while column 9, ¢c, gives the variance of their product. 
The values in columns 9, a, and 9, b, may now be divided by the 
values of n’, and n’,, respectively, representing the actual number of 
samples taken in the respective fields, to obtain the values given in 
columns 10, a, and 10, b. Column 10, c, the sum of columns 10, a, 
and 10, b, gives the variance of a product when o*/n’, and o’/n’, are 
the variances of the means } and p. 
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SAMPLING VARIABILITY WITHIN ALL FIELDS OF THE SURVEY, GROUPED ACCORDING 
TO LEVEL OF BORER POPULATION 


In order to generalize as completely as possible the information 
from the entire survey, the fields of all counties were grouped accord- 
ing to the ranges shown in table 3 and by adding and averaging the 
field means and the variances for n’,=1 and n’,=1 of each term and 
the totals for the variance of a product. The ranges used in this 
generalization are entirely arbitrary, table 3 giving a final summary 
of the variances by field level as finally used. (Fields with means of 
4.9 borers per 100 plants or lower are omitted.) In this table is con- 
densed all the information the data afford as to the average magnitude 
and relationships of the parts of the variance at the different levels 
of field populations. Each field, representing its own peculiar set of 
conditions, has its proportionate effect on the final results. The result 
is not universal but is applicable insofar as these data constitute a 
representative sample of a given set of conditions encountered in 
these surveys. 


TaBLE 3.—Summary of the sampling variance within fields, grouped within certain 
ranges of the estimates of the mean number of European corn borers per 100 plants, 
in the counties of the surveys of 1931 and 1932 in the 1-generation area 




















| | ae lv Yariance of . single observa- | standard! Coeff 
. per 1 andar« oeffi- 
Group no. wey he + Fields | plants tion deviation| cient of 
[oe ny Uroup (p'er?+bie,'= 0.1) (cz) | variation 
| mean) 
| (5) 
(1) (2) | (3) (4) (a) (b) (c) (6) (7) 
| 
Number Number Number | Percent 
1 5.0 8.9 | 154 | 6.7 26.8+ 61.7= 88. 5 140.3 
2 9.0- 14.9 | 165 11.7 | 72.14 121.2= 193.3 118.8 
3 15.0- 24.9 | 145 19.5 9% + 210 = 405 103. 1 
4 25.0- 34.9 112 29.6 + 321 746 92. 2 
5 35.0- 44.9 | 78 40. 2 + 499 1, 258 88. 3 
fi 45.0- 54.9 | 2 49.8 + 670 2,011 90.0 
7 55. 0- 74.9 | 100 | 65.0 + 989 = 3,166 86.6 
8 75. 0- 94.9 | 57 | 83.9 +1, 124 4, 657 3 
a) 95. 0-124. 9 80 | 109.0 +1, 6 6, 926 76.3 
10 125. 0-154. 9 | 31 | 137.7 +2, 5% 11, 056 76.3 
i 155. 0-194. 9 | 32 | 171.0 +2, : 16,347 | ~ 
12 | 195. 0-234.9 | 19 | 211.4 +3, § 25, 722 { 
13 | 235. 0-274.9 | 7 254.7 | +3, : 34, 376 | 
4 | 275.0-324.9 | 8 295.7 +2, ‘1,715 | 
15 325. 0-374. 9 | 3 | 354. 2 +2, 5 49,934 | 
16 | 375. 0-499. 9 | 6 423.0 | +2, § 76,480 | 
17 500. 0-699. 9 3 425.9 | +3, 83, 282 } | 
18 | 700.0 up 2 t 180,222 | 5 | 





970.0 180, 222 


Table 3 may be inspected to determine the general characteristics 
of the sampling variability within the fields. In column 6 are given 
the generalized standard deviations of the products corresponding to 
their variances in column 5, c. Column 7 contains the standard 
deviations expressed as percentages of the generalized means of column 
4. These relative values of the standard deviations are statistical 
constants known as coefficients of variation; they serve as indexes of 
variability and measure the fluctuation within the fields at the different 
levels of borer population. 

It will be noted that the standard deviations increase in actual 
magnitude as the means increase, but decrease steadily in relative 
magnitude from about 40 percent larger than the mean at the lowest 
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level to less than 50 percent of the mean at the highest level. The 
part of the variance of the product represented by the term 6’o,’ in 
column 5, b, of table 3 increases until the mean population reaches 
211.4 borers per 100 plants. It then decreases, becoming zero at the 
highest level. The variance of the infestation samples, the o,” part of 
this term, decreases as the limit of 100-percent infestation is ap- 
proached. As the square of the mean number of borers per infested 
plant, the 6’ part of the term, increases it tends to increase the value 
of the term, but not at a rate sufficiently great to offset the reduction 
of the value of the variance of the infestation samples as the limit 
of 100 percent infestation is approached. At 100-percent infestation 
the variance of the infestation samples becomes zero and the term 
vanishes completely. ba 

The part of the variance of the product represented by the term p’c,’ 
in column 5, a, of table 3 is the dominant influence in determining the 
total variance above a level of about 25 borers per 100 plants. This 
term increases from 57.0 percent of the total variance at a level of 
about 30 borers to about 96 percent of the total at a level between 
400 and 500 borers per 100 plants. Over the range of the populations 
covered in these data the variability in the number of borers in the 
infested plants, the o,” part of this term, continues to increase as the 
mean number of borers per infested plant, 5, increases. The square 
of the number of infested plants per 100, the p’ factor of this term, 
increases up to 10,000 as :p increases to its maximum of 100. How- 
ever, increases in population beyond 100 percent infestation must be 
as a result of increased number of borers per infested plant, which 
means that any increase in this term is wholly dependent on the magni- 
tude of the o,” factor, while the p’ factor remains constant. 


RELATIVE VALUES OF DIFFERENT COMBINATIONS OF n’, AND 1’> 


Because of this change in the relative as well as the actual variation 
at different levels of infestation, it is necessary to study the relative 
values of different combinations of n’, and n’, in sampling at each 
population level. Three population levels, 11.7, 109.0, and 423 borers 
per 100 plants were selected from table 3 for study. By substituting 
in equation 2 the corresponding values from columns 5, a, and 5, b, 
table 3, and also different combinations of values of n’, and n’,, the 
variances of a product for the various sampling combinations for each 
of the selected levels may be computed. The variances of a product 
were calculated for all combinations of n’, and n’, equal to 1, 2, 3, 4, 
5, 7, and 10 for the three selected levels. The standard deviations 
were then expressed as percentages of the respective means, i. e., as 
coefficients of variation. The results are shown in the graphs of 
figure 1. 

As noted previously, although the actual magnitude of the standard 
deviation of the mean for any sampling combination increased as the 
mean level of population increased, the relative magnitude decreased. 
Thus, the surfaces of the three graphs of the standard deviations in 
terms of percent of the mean are increasingly lower as the means 
increase. 
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FIGURE 1.- Standard deviations of the field means as percentages of means for different combinations of 
sampling within fields when field means approximate: A, 11.7 borers per 100 plants; B, 109.0 borers per 
100 plants; C, 423.0 borers per 100 plants. 
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At the level of 11.7 borers per 100 plants (fig. 1, A), the second 
term of the equation (column 5, b, table 3), which is reduced as the 
number of 25 plant-infestation samples, n’,, is increased, is larger 
than the first term (column 5, a, table 3), which is reduced as the num- 
ber of plants dissected, n’,, is increased, so that the total variance is 
affected more by a comparable increase in the number of infestation 
samples taken than in the number of plants dissected. At this level 
the taking of two infestation samples instead of one sample reduces the 
total variance almost as much as if seven plants had been dissected 
instead of one plant. However, the predominant effect of taking ad- 
ditional infestation samples on reducing the total variance is soon lost, 
for at the level of 19.5 borers the taking of two infestation samples 
instead of one sample reduces the total variance only slightly more 
than if two plants had been dissected instead. of one plant. At the 
level of 109.0 borers per 100 plants (fig. 1, B) the taking of two infesta- 
tion samples instead of one sample reduces the total variance only 
about a third as much as if two plants had been dissected instead of 
one plant, while at the level of 423.0 borers per 100 plants (fig. 1, C) 
the effect is about one-thirtieth as much. At the level of 423.0 borers 
per 100 plants, increasing the number of infestation samples above 
two has practically no effect whatever in reducing the sampling varia- 
bility of the estumate of the mean in such fields. 


OTHER CONSIDERATIONS OF SAMPLING WITHIN FIELDS 


In any survey numerous restrictions are always placed on the plan 
of sampling, solely for eliminating bias rather than because of purely 
quantitative aspects of the sampling variability. In sampling within 
the fields in the present survey one such restriction concerned the 
infestation sample of 25 consecutive plants. Smaller total numbers 
of plants will suffice for attaining a given degree of reliability in the 
estimation of the mean percentage of infestation if smaller numbers of 
consecutive plants are taken at each place selected at random and 
examined within a field. For example, compared with taking a total 
of 100 plants, each plant at a place selected at random, it was found 
that to attain a given reliability in the estimation of the mean per- 
centage of infestation, 171 plants were required when 5 consecutive 
plants were taken in a place, 206 when 10 plants were taken, 285 when 
25 plants were taken, and 660 plants when 100 plants were taken. 
These results were obtained as an average for five fields with percent- 
ages of infestation averaging 38.6, no field having been infested more 
than 50 percent. Taking the foregoing numbers of plants in the 
designated manner gave a standard error of 4.71 to the mean of 38.6 
percent, but the same proportions would hold among the total numbers 
of plants required to attain any other degree of reliability in the esti- 
mation of the mean of these five fields. 

To take each plant of the total number examined for infestation in 
the fields of this survey in a place selected at random, however, would 
have necessitated a scheme to eliminate all possible conscious or un- 
conscious bias in taking the plants. Any such scheme would probably 
be difficult to devise as well as impractical on account of the time neces- 
sarily consumed in putting it into effect. For this reason samples of 25 
consecutive plants taken in each quarter of the field were arbitrarily 
chosen from which to determine the percentage of infestation, in the 
belief that samples of this size would render bias negligible. 
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The question of the randomness of these samples is essentially the 
same as that involved in the technique of determining the yield of 
plots or fields of small grains by harvesting small areas within them. 
Clapham (1, 2, 3) and Kalamkar (6) studied such problems and pre- 
sented experimental data, and on the basis of the analysis of the 
variance deemed the placement of the samples at definite intervals in 
the same drill rows to be undesirable. Rather, they recommended 
that the area be divided into a definite number of equal-sized areas 
and the samples taken at random in these. The objections noted by 
these authors to definite placement of samples hardly apply to the 
manner of taking the infestation samples at approximately the center 
of the quarters of the fields. These samples were taken without re- 
gard to the condition of the corn at the place of sampling in the fields 
and as an average of a large number of fields the variability would 
approximate closely to that of fully randomized samples within the 
quarters of the fields which correspond to sections as recommended 
by the foregoing authors. 

Methods of avoiding bias when taking the infested plants for dis- 
section to determine the number of borers per infested stalk also had to 
be considered. For this reason only infested plants were dissected 
in the infestation samples, up to the maximum number specified for 
the fields as stated previously. It is obvious that in the field the 
most heavily infested plants would be the ones most easily found, and 
unless careful safeguards were taken in the methods of the survey to 
obtain representative plants from the whole field a considerable bias 
would be introduced. 

The most important question in sampling within the fields, however, 
is the relative weight that should be given to the samples of the two 
sets of factors and this question is answered by the solutions carried 
out on the basis of the equation for the variance of products. As 
used also, the actual sampling variability within the fields, while 
important in properly planning area-wide surveys, is distinctly subordi- 
nate to the field-to-field variability within the larger areas, in its final 
effect on the reliability of the estimate of the county mean number of 
borers per 100 plants. 


ANALYSIS OF THE FIELD-TO-FIELD VARIABILITY WITHIN 
COUNTIES 


METHODS OF ANALYSIS OF VARIANCE APPLIED TO SAMPLING VARIABILITY OF 
AREA-WIDE SURVEYS 


The foregoing analysis treated of the sampling variability within 
the fields so that estimates could be obtained of the true levels of 
infestation of each field, these in turn being used to obtain estimates 
of the mean levels of infestation of the counties. Within the counties 
the actual level of infestation will vary greatly from field to field. 
The differences between the fields constitute another component of 
the variability affecting the reliability of the estimates of the mean 
populations of the county areas, and this component is of paramount 
importance in the specification of the methods of sampling to be used 
in the surveys. To measure and study the characteristics of this 
component of the variability by itself, and in comparison with the 
components of the sampling variability within the fields, actual ob- 
servations under the conditions to be studied must be used. The 
data for the field estimates of the mean number of borers per 100 plants 
41931—38—_5 
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for the 66 counties already used for the study of the sampling vari- 
ability within the fields constitute the data used for this study of the 
field-to-field variability within counties. 

The fields sampled were selected at predetermined points distrib- 
uted fairly uniformly over the county, thus insuring, to the greatest 
possible degree, both representativeness and randomness in the sam- 
ples. The first step is to determine by the methods of the analysis 
of variance devised by Fisher (4) whether the fields within sections 
of the counties tended to be more nearly alike in level of infestation 
than the fields over the whole counties—in other words, to see whether 
there were significant differences in level of infestation between the 
sections of the counties. For this study each county was divided 
into four sections of approximately equal area but more or less ar- 
bitrarily delimited so as to have each section include the same number 
of fields in as compact units as possible. The allocation had to be done 
after the surveys were carried out, but care was exercised to avoid any 
consideration of the values in making up the sections, these being based 
entirely on location. In counties in which 20 fields were sampled 
each section included 5 fields and in counties in which 25 fields were 
sampled each section included 6 fields. (Fields numbered 13 in the 
counties of 25 fields were uniformly and arbitrarily discarded and 
county means and other values adjusted accordingly.) The solutions 
were carried out by the methods of the analysis of variance to deter- 
mine (1) the total variation of the field means from the county mean, 
(2) the variation of the field means within the sections from the 
means of their respective sections, and (3) the variability attributable 
to the differences between the mean population levels in the four 
sections. These parts were later related to the sampling variability 
within fields, solved in the preceding section of the paper. 


DATA FOR SURVEY OF WOOD COUNTY, OHIO, IN 1932 USED TO ILLUSTRATE THE 
SOLUTION 


The values for the mean numbers of borers per 100 plants for the 
20 fields surveyed in Wood County in 1932 will be used to illustrate 
the solutions which were applied to all counties. These values are 
given in column 12 of table 2 and the manner of grouping the fields 
into the four sections is shown in figure 2; while the values, arranged 


according to sections for the analysis of the variance, are given in 
table 4. 


TaBLEe 4.—Mean number of European corn borers per 100 plants by fields for the 


survey of Wood County, Ohio, in 1932, arranged in sections for the analysis of 
the variance 





Section 1 Section 2 Section 3 Section 4 
: on - oleae 

Mean | Mean || Mean | Mean 
Field no. num ber Field no. inumber|| Field no. jpum ber} Field no. num ber 
borers | borers || | borers | borers 
1 19.5 || 3.- 56.1 || 10 | 14.4 ]] 12.. 10.8 
7 25.5 4 8.8 |) 15 -| 56.7 13 ; 52.5 
5 69.3 s 84.0 || 16 137.2 14 131.6 
6... 91.2 || 9 9.0 || 17 | 168.0 || 19 118.5 
7 59.8 || 11 6.0 || 18 59.2 || 20 151.2 
Total. _. 265. 3 163.9 435. 5 senile 464. 6 
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Examples of the application of the methods of the analysis of 
variance to similar problems and detailed discussions of the concepts 
involved are given in numerous publications including Fisher (4), 
Wishart (9), and Snedecor (8). Although all these vary somewhat 
in the particular arithmetic procedure, the basic concepts are the same. 
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FicuRE 2.—Map of Wood County, Ohio, showing the location of the fields sampled in 1932 in the survey 
of the number of borers per 100 plants, and the allotment into four sections for the analysis of the field-to- 
field variability within the county. 


Specifically, this particular problem is identical with the class given 
by Snedecor (8) as example 1, page 3, of his manual. This type of 
problem has a single criterion of classification and an equal number 
of observations in each of the classes. 

From table 5it will be noted that the sum of the squares of 
the deviations of the 20 field means from the section means repre- 
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senting 16 degrees of freedom is less than the sum of the squares 
of the deviations of 20 field means from the county mean represent- 
ing 19 degrees of freedom. The difference is attributable to the 
3 degrees of freedom representing the deviations of the population 
levels of the four sections from the general county mean. 


TaBLE 5.—Analysis of the variance in the mean number of European corn borers 
per 100 tread in Wood County, Ohio, in 1932 


Standard 


Variation Degrees of | Sumof | Mean- | or root- 


i 4 square | mean- 
freedom equares | eovaeion square 


| deviation 








Total for county. ate A rs cowehede 50, 842. 07 
Within sections - - 
Between sections 








The values in the last two columns of this solution for the mean- 
square deviation (variance) and the root-mean-square deviation are 
directly comparable in magnitude within the columns. 

Assuming that real differences were indicated between the actual 
population levels of the sections as laid out in Wood County in 1932, 
the mean-square deviation or variance between sections in table 5 
may be considered as being made up of two parts, the first with 
variance of A;, representing the estimated actual differences in level 
of population between sections, and the second or B, part, which is 
the mean of the variance within sections for the individual fields 
shown above. This phase of the problem has been discussed by 
Fisher (4) in section 40. The A, part is found from the difference 
between 4,066.74 and 2,415.12, or 1,651.62, while the B, part is the 
mean variance between fields within sections, or 2,415.12. The values 
of the mean-square deviation in table 5 are the variances of single 
fields, and since a section comprises 5 fields, the A, part of the variance 
of the section mean number of borers per 100 plants is one-fifth of 
1,651.62, or 330.32. The square root of this, 18.17 borers per 100 
plants, is the estimated standard error of the real levels of population 
from section to section, corrected for the sampling variability within 
the sections. This discussion is more readily understood by assuming 
that the mean-square deviation between sections approximates the 
mean-square deviation within sections so closely that the difference 
between them is well within the limits set for errors of random sam- 
pling. Then the variability between fields in one section and fields 
in other sections would not be significantly greater on the average 
than the variability from field to field within the sections and the A, 
part of the variance would not exist. 

But the A, part of the variability within counties is irrelevant to 
the reliability of the estimates of the county means if at least one field 
is sampled in each section, and it should be eliminated in the estimate 
of the true sampling variability. In replicated field experiments 
Fisher (5) terms this method “local control’’, but it can be applied 
as well to methods of area-wide insect surveys. It is evident, there- 
fore, that only the B, part, or the variance of the field means within 
the sections, applies to the reliability of the estimates of the county 
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means. In the solution as carried out here the local control is applied 
by dividing the county into four sections. The 20 or 25 fields sampled 
in these surveys were distributed over the counties, but were arbi- 
trarily grouped into 4 sections as being the solution combining most 
advantages in the study. In order to carry out any formal solution 
for the estimate of the parts of the variance, there must be at least 
two assumed sections and at least two fields in each section. If there 
are the same number of sections in each county the results may be 
combined for study later. Also, in the study hereinafter carried out, 
if there are four sections per county the estimated variability of 
county means will proceed by four-field intervals, which is a con- 
venient unit. 

Just as the total variability of the field means from the county 
mean was separated into two parts, so also may the B, part of the 
variance which applies to the reliability of sampling in the county be 
divided into two parts for more detailed study of the sampling methods. 
The first part, designated as the A, part, represents the estimated 
variance of the real levels of population of the fields within the sections, 
and the second part, designated as the B, part, represents the vari- 
ability of the sampling within the fields for the estimation of the field 
means and will be taken at n’,=n’,=1. This B, part is obtained 
directly from column 9, c, in table 2. The total 88,852 is divided 
by the number of fields (20) sampled in the county, which gives a 
mean-square deviation of 4,442.6. The square root of this value, 
66.65 borers per 100 plants, is the corresponding standard deviation. 
The components of this 4,442.6, affected respectively by modifications 
in the numbers of plants dissected to determine the number of borers 
per infested plant and in the numbers of samples taken to determine 
the percent infestation, are obtained in the same manner from the 
corresponding columns, i. e., 9, a, and 9, b, of the same table. The 
mean-square deviation affected by the number of plants dissected is 
3,477.35 and that affected by the number of infestation samples is 
965.25, designated as the C, and D, parts of the variance, respectively. 

The A, part is equated from the B, part as the A; part was equated 
from the variance of the section means. The B, part, or the varia- 
bility of the field means within the sections, is made up of a part, 
designated as the A, part, which represents the difference of the true 
field levels from the section levels, and a part due to the variabilit 
of the sampling within the fields. The latter is estimated from col- 
umn 10, c, of table 2. This column gives the estimated total variance 
of sampling within each field for the actual sampling combination 
used. Each field has to be figured separately owing to the differences 
in the number of plants dissected in the various fields, otherwise this 
step could be figured in one operation, as in subtracting the B, part 
from the variance between sections for estimating the A, part of the 
variance. The sum of this column, 11,795, divided by 20 gives the 
average variance within the fields, or 589.75. This is subtracted 
from the variance within sections, B,, or 2,415.12, giving as <A, 
1,825.37, or the estimated variance of the true levels of population of 
the fields from the section levels; that is, it gives the estimated vari- 
ance if all field levels and section levels were known without error. 
The square root of this value, 42.72 borers per 100 plants, is the cor- 
responding standard deviation among the fields within sections. 
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The sampling within the fields, however, contributes to the varia- 
bility of the fields within the counties and thus influences the relia- 
bility of the county means obtained as estimates of the true population 
levels. The B, given above for n’,=n’,=1, and its parts, C, and 
D,, are taken for the basic estimate of these values for counties for the 
purpose of standardization. The sum of B, and A; is the estimated 
total variance of fields within sections when 1 sample of 25 con- 
secutive oe is examined to determine the percentage of infestation, 
and 1 infested plant is dissected to determine the number of borers 
per infested plant in each field. The square root of this value, 79.17 
borers per 100 plants, is the corresponding total standard deviation 
for fields within sections. 

This completes the analysis of the variability of the samples as 
actually taken in the county. The information that has been derived 
is summarized in table 6. 5 


TABLE 6.—Summary of analysis of the variance in surveys of European corn borer 
populations, Wood County, Ohio, 1932 





Variance Standard 
oad eee ae __| deviation, 
Estimated variability of borers per 
| Designation Value | 100 plants 





Number 
Section levels from county level 8.17 
Fields levels from section lev el. 
Sampling within fields (n’,=n’»= 
T otal of estimates of field means (n’,=n’»=1) from sec tion means. 


A; 330. 32 
A; 1, 825. 37 


B: 
A;t+B: 


| 
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SAMPLING VARIABILITY FOR THE COUNTIES GROUPED BY LEVEL OF POPULATION 


An analysis similar to that made in Wood County, Ohio, was made 
for each of the other 65 counties of the 1931 and 1932 surveys in the 
one-generation area in which the sampling variability within fields 
was studied. The counties were then arranged according to the 
mean numbers of borers per 100 plants, and the variances added and 
averaged over specified ranges as shown in table 7. The ranges used 
here are entirely arbitrary, as in the case of the ranges used for the 
study of the variability of the sampling within fields. Corresponding 
standard deviations, both as actual values and as percentages of the 
group means of the numbers of borers per 100 plants, are also given 
in the table. 
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Examination of the results in table 7 reveals that the total standard 
deviation relevant to the sampling of the county means, yA,+B,, 
increases in actual magnitude as the mean level of population i increases 
in the counties. This standard deviation also decreases in relative 
magnitude but with no pronounced trend at the higher levels of borer 
population. The standard deviation of the A, part of the variance, 
which is the estimated variance of the real section levels from the 
county levels of population and is eliminated by the principle of local 
control, and therefore is not relevant to the reliability of the estimates 
of the county means, increases in actual magnitude as the mean level 
of population increases in the counties. The percentage this standard 
deviation bears to the county means is almost constant. The stand- 
ard deviation of the A, part of the variance, which is the estimated 
variance of the real field-to-field differences within sections, increases 
in both actual and relative magnitude as the county levels of popu- 
lation increase. 

The standard deviation of the B, (for n’,=n’,=1) part of the 
variance, which is the variance of sampling within the fields, increases 
in actual magnitude and decreases in relative magnitude as the county 
levels increase. Within the fields the parts of the B, variance (, 
(which is affected by the number of plants dissected, n’,) and D, 
(which is affected by the number of infestation samples, n’,) show 
somewhat the same characteristics on the basis of counties as they 
did for the individual fields, when classified by population levels. 
Both parts increase in actual magnitude as the county levels increase, 
but the C, part increases very much more rapidly than the D, part. 

These characteristics of the parts of the variability of sampling 
within the counties all influence the relative effectiveness of different 
methods of sampling in estimating the levels of populations in various 
areas. Figure 3 shows the standard deviations of county means for 
various sampling combinations for the three levels 8.88, 57.55, and 
99.61 borers per 100 plants taken from table 7. 

The values for figure 3 were derived as follows: Let n’ equal the 
number of sections per county (in this analysis assumed to be 4) and 
let k equal the want of fields sampled per section. Then the vari- 
ance of the estimates of the county means for any sampling combi- 
nation is given by the equation 


QC; D; 
Ataits 
o county mean= SS np. Equation 5 


9 


As the number of fields sampled in a county is increased over four 
the area is divided into an equal number of sections of uniform size 
and one sample taken in each to accomplish the greatest possible 
amount of local control, thus shifting more of the A, part of the 
variance to the A, part, ‘but it was not practical with these data to 
carry out a solution which conformed strictly to this principle. 
Finally, the standard errors of the means for the various sampling 
combinations are stated as percentages of the corresponding means. 
Corresponding values for all sampling combinations for n’=4 with k 
values from 1 to 10 (4 to 40 fields) and n’,=1 and 5, and n’,=1 and 4 
were computed for the three levels shown in figure 3. 
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FIGURE 3.—Standard deviations of county means as percentages of the county means for various combina- 
tions of samples within the fields and various numbers of fields sampled within the county for means of: 
A, 8.88 European corn borers per 100 plants; B, 57.55 borers per 100 plants; C, 99.61 borers per 100 plants. 
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At the level of 8.88 borers per 100 plants, increasing the number of 
plants dissected, n’,, from 1 to 5 within each field has nearly the same 
effect in reducing the standard deviation of the estimates of the 
county means as increasing the number of 25-plant infestation 
samples, n’,, from 1 to 4, and increasing both n’, and n’, by these 
amounts at the same time is about twice as effective. As the levels 
of population of the counties increase, the reduction in the variability 
of the county means due to increasing the number of infestation 
samples decreases rapidly, and the curve for n’,=1 and n’,=4 
approaches the curve for n’,=1 and n’,=1, and the curve for n’,=5 
and n’,=1 approaches the curve for n’,=5 and n’,=4. The charac- 
teristics of the various parts of the variability of sampling in this 
survey are thus revealed. 


DISCUSSION 


In the past, several studies have been conducted relative to the 
methods of sampling to be followed within fields in surveys of insect 
abundance. From the standpoint of the methods of conducting 
area-wide surveys those studies give information only on a relatively 
less important part of the total variance of sampling, whereas they 
really should apply to the estimates of the mean of the larger areas. 
Furthermore, the fields in which the sampling studies were conducted 
often were selected and limited in number, thus still further limiting 
the applicability of the results. It is only from actual survey data, 
such as are used in this paper, that estimates of all the essential parts 
of the sampling variability can be obtained. This information on the 
characteristics of the sampling variability in the surveys is obtained 
along with the current collection of information on the status of the 
insect population. The specifications which effectively meet these 
two requirements in a survey are practically the same. 

The method of sampling at the beginning of a survey must be based 
on such information as may be at hand, including the knowledge of the 
biology of the insect and host, matters of agronomy, the general 
principles of survey sampling, the objects of the survey, similarity to 
other surveys that have been conducted, and the reconnaissance 
observations that have been carried out previously on the same 
problem. It should not be difficult to arrive at specifications fairly 
near the most efficient ones possible by making use of all these factors. 
As the data accumulate in the survey they are analyzed in reasonable 
detail and the desirable improvements in methods inaugurated. 

The three basic principles of survey sampling which are essential 
to meet the requirements of obtaining the most reliable estimate of the 
area means, and the proper measurement of the parts of the sampling 
variable, are: (1) Replication or multiple samples in each subdivision 
of the survey (i. e., counties or fields); (2) local control, or dividing 
the area to be sampled (counties or fields) into as many sections, 
uniform in size or representing aliquot parts of the host organism to 
be sampled, as there are samples to be taken; and (3) randomness, 
or taking one of the specified samples at random in each section. 
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Replication increases the reliability of the estimates of the area 
means, such as counties or fields, directly in proportion to the number 
of samples. The larger the number of samples taken, therefore, the 
greater the reliability of the estimate of the mean, although as the 
number becomes larger the relative effectiveness of this factor per 
unit sample becomes less and less. When combined with the prin- 
ciple of local control, however, the effectiveness of the replication is 
usually greatly enhanced. 

The sampling variability which applies to the reliability of the 
estimates of the means is the variability within sections for each phase 
of sampling (county or fields in this survey). As the number of sec- 
tions is increased, more and more of the total variability of the given 
phase is shifted from the part of the variability from sample to sample 
within the sections, that which is relevant to the variability of the 
estimates of the means (5), to the part of the variance for differences 
between the levels of the sections, that which is irrelevant to the 
variability of the estimates of the means. Thus, by the combination 
of the principles of multiple samples and local control, the variability 
of the estimates of the corresponding means is reduced much more 
rapidly than the square root of the number of samples operating on 
the total variability of the unit samples. If for any reason the sam- 
ples are grouped in clusters, some of the advantage of local control is 
lost and the solution for the analysis of the variance must be modified 
accordingly. This is true even though it is necessary to consider 
two or more of the samples of a given area of the survey together 
in a section of correspondingly larger size for the analysis of the 
variance. Some of the true section-to-section variability which is 
irrelevant to the variability of the estimates of the means is of neces- 
sity included within sections because of this limitation in the solution 
for actual survey data, but the entire gain due to local control by 
placing all samples in uniform sections actually is inherent in the 
estimate of the mean itself. The discrepancy usually is not very 
great. Randomness in taking the samples within the section is, of 
course, absolutely essential for obtaining either an unbiased estimate 
of the corresponding means or a correct estimate of the sampling 
variability. 

Although these principles of sampling apply equally to sampling 
within fields or between the fields of a county, the phases differ 
greatly in relative effectiveness, per unit sample, on the reliability 
of the estimates of the means. Increasing the number of samples of 
the phases involving successively larger unit areas has much more 
effect on the reliability of the final means than like increases in the 
successively smaller units, although this advantage is offset to some 
extent by the greater cost of increasing the number of samples in the 
larger areas. The mathematical relationship in this survey may be 
obtained from equation 5. The increased effectiveness of additional 
samples on the reliability of the means becomes less pronounced as 
the number of samples increases, owing to the fact that the reliability 
of estimates of a mean is directly in proportion to the number of 
samples. No one phase, therefore, is increased indefinitely without 
regard to the others, and a proper balance in sampling is maintained. 
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SUMMARY 





The data used for the analysis of the sampling variability in this 
study consisted of the records of the 1931 and 1932 fall surveys, for 
the number of European corn borers per 100 plants, of a total of 66 
county units located in the States of Indiana, Michigan, Ohio, Penn- 
sylvania, and New York, infested by the one-generation strain. The 
methods of determining the sampling variability within the fields, for 
the estimation of the field means, and the variability from field to 
field within the county (part of which pertains to the reliability of the 
estimates of the mean level of population in the counties) were 
analyzed in considerable detail. 

In sampling within the fields 4 units of 25 consecutive plants were 
first examined to determine the number of infested plants out of 100 
plants; then from 5 to 10 of these infested plants were dissected to 
furnish an estimate of the average number of borers per infested 
plant. The product of these two means gave the estimates of the 
field mean number of borers per 100 plants. The equation for the 
estimation of the variance of products from the variance of the factors 
was used to obtain the estimates of the variance of these field mean 
numbers of borers per 100 plants. This method expressed the vari- 
ability of sampling within the fields in terms that permitted the direct 
comparison of the contributions of any combination of the two sets 
of factors to the final variability of the estimate of the field mean. 

The variability from field to field within the counties was divided 
into three main portions by the methods of the analysis of variance. 
The first portion consisted of the variability between county sections 
each of which was arbitrarily chosen to include one-fourth of the fields 
sampled in the county. This portion of the variability, which repre- 
sented the estimated actual differences in level between the sections, is 
irrelevant to the estimate of the reliability of the county means, and 
illustrates the effect of applying the principle of local control in sam- 
pling in area-wide surveys of insect abundance. 

The variability of field means from the respective section means is 
divided into two portions, one representing the estimates of the 
variability of the true field levels from the respective section levels, 
and the other representing the variability of the estimates of the field 
means for a given system of sampling within the fields. 
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